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PREFACE 


This book is the sequel to a very much larger wort^ a five-volume 
History of Ti^hmhgy^ endowed by rmpcrial Chemical Industries 
Limited and published by the Clarendon Press, Cbdbrd. \V'heii the 
compilation of this large w'ork w^as approved in 1^49 it was expected 
that there might in due course be a demand for a smaller book 
covering much the same ground. This expectation has been fuUilled: 
many reviewers of the earlier volumes specifically urged the publica¬ 
tion of a shorter version that would introduce the subject to a much 
wider body of readers. In view of thisj I.C.I. agreed to make avail¬ 
able the further endowment that was necessary and the Qatendon 
Press undertook publication: the present book is the result. 

In planning this w'ork much thought has been given to how the 
needs of both the general reader and students interested in the 
technical aspects could best be met. From the outset it w'as evident 
that any attempt merely to summarize the five-volume History was 
quite impracticable, not only because of the enormous compression 
that Avould be nccessaiy% but because the plan of the original did 
not lend itself to such treatment. A different book w'as dearly 
necessary, and although this made the task much more exacting it 
provided a welcome opportunity of approaching the subject in a 
new way. With this firccdom of action, it was decided to attempt a 
book in which the stor)-^ of technological development was at every 
epoch closely related to the historical background. This book aims 
at being as much a technological history as a history^ of technology, 
and in pursuing this course we believe ourselves to be following 
an important modern trend. Notwithstanding the achievements of 
Lecky and Buckle and such biilHant interludes as Macaulay 
Third Chapter—to quote only English examples — historians in the 
nineteenth century largely restricted themselves to political and 
constitutional histor>\ In the tw'entieth century a more liberal inter¬ 
pretation of the meaning of history reappeared, and economic and 
social factors began to receive due attention from the historio¬ 
grapher. The importance of technological factors, however, is still 
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far too little recognized^ and it is hoped that this present book will 
help to direct greater attention to these^ 

The decision to write a book of a different kind conferred other 
advantages. Although the range of technological subjects discussed 
naturally falls mainly within the confines of the major work, some 
extensions of interest have been made and many fresh sources have 
been consulted: for the reasons given in the previous paragraph^ a 
great deal of entirely new historical material has been introduced. 
While many of the illustrations are taken from the earlier w^ork, here, 
too, the opportunit)' has been taken of introducing much that is new. 
At the same time, we must put on record our very great indebtedness 
to the original work, and to those w^ho contributed to it, as an authori¬ 
tative conspectus of the subject as a whole and as a source of factual 
information. The present hook has benefited in many ways from the 
experience gained by one of us (T. L W.) as managing editor for the 
later volumes of the original History ofTf^hnohgy, and it is a pleasure 
to recall the years of stimulating collaboration on that project with 
the late Dr Charles Singer—who initiated it—the late Dr E, J. 
Holmyard, and Dr A. R. Hall. In the original work, and through 
Its extensive Hsis of references and bibliographies, those who W'ish 
to delve more deeply into pardcular aspects of the histoiy^ of tech¬ 
nology will find much additional information. 

A brief account of the way in w'hich the text is arranged may 
perhaps assist the reader to use this book to the fullest advantage. 
There are obvious difliculdcs in marshalling the salient features of 
so vast a subject over the whole period of civilization and without 
restriction to a single country or people. Neither a chronological, 
geographical, nor technological arrangement of the material is alone 
appropriate to our object of providing a readable and connected 
account of the evolution of modern industr)'': of necessity we have 
had to seek a compromise. Chronologically, the text is divided into 
^'0 pam, the first telling the story^ up to i7sc^the beginning of the 
industrial revolution in Britain — and the second continuing it up 
to 1900. In the belief that it is cvenLs during and since the industrial 
revolution that arc of the greatest interest to most readers we give 
the greater space to this later period. The decision to end our ^tory^ 
at 1900 was pmmpted by two principal considerations; the first, 
that the true historical significance of more recent developments is 
difficult to assess, and the second, that the great technical complexity 
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of modem scientific industry makesit virtually impossible adequately 
to tell its story in the non-technical terms of the present text. 

To some, our division at 1750 may seem artificial, for there is 
today a tendency to discount the importance, or even the reality, 
of what has long been called the industrial revolution. While it is 
true that changes that were spread over a period of two or three 
generations can scarcely be termed revolutionary—especially as 
the)’ were clearly continuous with events before and after that 
period—it is nevertheless indisputable that the period 1750-1830 
was one in which technological progress showed a marked and 
sustained upward trend that proved of fundamental importance to 
modem civilization. 

Geographically, our story is largely confined to the ancient Near 
East, western Europe, and north America. In respect of the Far East 
this limitation is a reflection of the lack of suitable sources for 
western scholars: Dr Joseph Needham’s Science and Civilization 
in China will greatly relieve this deficiency, but it will be several 
years before that w'ork is completed. Our debt to the Far East may 
well prove much greater than is now generally supposed. E^astem 
Europe, too, figures relatively little: although lack of readily acces¬ 
sible sources is also a problem here, a further consideration is that 
during the period of our main study changes there were generally 
speaking parallel with, and consequential to, those of western 
Europe. 

The choice of what to include in such a work and what to omit 
must necessarily be veiy' subjective: our hope is that our choice will 
be found to be an acceptable blend of those branches of technology 
that have decisively changed the course of history' w ith homelier 
crafts of greater human interest but lesser consequence. The select 
bibliography is designed to help the reader to carr>' the study farther 
along lines of his own choosing. Our underlying intention, as we 
have stated, is to relate the history' of a technology to the histor>’ of 
its age: each section is therefore preceded by an historical intro¬ 
duction and the book concludes with a series of tables designed to 
show the interrelation of events named in the text. 

We have been fortunate indeed in the help we have had in con¬ 
nexion with this work, and we are happy to take this opportunity of 
thanking those who have assisted us. In the absence of any earlier 
synthesis of this particular kind we had little to guide us in seeking 
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to contrive a text acceptable to the historian and the technologist as 
well as to the general reader. W^e therefore count ourselves very 
fortunate in having had the whole of the text read before it went to 
press by Professor R. R. Betts, Masaryk Professor of Central 
European History in the University of London. His wide knowledge 
enabled us to correct numerous points of historical detail and em¬ 
phasis; at the same time he drew our attention to passages where our 
account of technical matters seemed likely to present difficulties for 
the non-technical reader. For such errors and obscurities as remain 
we ourselves are, of course, responsible. 

In the course of our search for material for the book we visited— 
among other collections relating to the histor)' of technolog)'—the 
Museum for the History of Science and Technology in Stockholm, 
and we would like to record our thanks to the Director, Dr Torsten 
K. W. Althin, both for showing us his splendid collection and 
for a stimulating discussion of various problems connected with the 
work. We would like also to acknowledge the help and advice of 
Mr A. Stowers of the Science Museum, London, in determining the 
design of the earliest Watt steam-engine. 

There are great difficulties in clearly and briefly describing 
procesMs and machines unfamiliar to the general reader. The better 
to clarify our own ideas we visited a number of works in order to 
observe the modern counterparts of some traditional crafts, such as 
those of the potter, blacksmith, boiler-maker, spinner, miner, and 
glass-worker. In this connexion we are particularly indebted to 
British Railw'a)'s (Derby Locomotive Works); Mintons Limited, 
Stoke-on-Trent; Combined English Mills (Spinners) Limited, 
Manchester; the Salt Division of Imperial Chemical Industries 
Limited; and Pilkington Brothers Limited, St Helens. 

The majority of the drawings required for the History of Techno^ 
logy were prepared by Mr D. E. Woodall. In view of this, we were 
ver)' glad that he was able to undertake all the new drawings required 
for the present work; the three maps required for Chapter I were 
drawn by Mr T. Hilditch. 

Our special thanks arc extended to Miss M. Reeve who, assisted 
by Miss Y. P)'kc, has been responsible for all the exacting adminis¬ 
trative work conneacd with the preparation of the text and illustra¬ 
tions and seeing them through the press. The book owes a great deal 
to her care and patience. 
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As wc have noted, this book would not have been possible without 
its financial endowinent by Imperial Chemical Industries Limited. 
Wc must in particular acknowledge the active support and en¬ 
couragement the project received from Sir Walter \\'orbo)'s, a 
direaor of the Company, until his retirement in October 1959. 

T. K. DERRY 
TREVOR I. WILLIAMS 

July ig6o 
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GENERAL HISTORICAL SURVEY 

MAN BEFORE CIVILIZATION 

S INCE technology comprises all that bcwilderingly varied body 
of knowledge and de\iccs by which man progressively masters 
his natural environment, its history is a subject with wide and 
ill-defined ramifications. The study is complicated by the fact that, 
until we reach modem times, the emphasis in technological history 
is different from that made familiar by the stor>' of political or intel¬ 
lectual development. By restricting our attention to the growth of 
western technology, we shall escape one such difficulty, namely, the 
great part played by the inventiveness of the Far East in former ages: 
this is a subject that would certainly require much space in any 
properly balanced global account but which is only now beginning 
to be properly explored in the West. Even with our more limited 
scope, howe\'er, the deviation of technological from conventional 
history is such that a preliminary historical outline, to place in a 
chronological framework the peoples and eras of most significance 
for our purpose, may make it easier to see the growth of each main 
branch of technology in due perspective. The present chapter and 
Chapter lo will therefore lay before the reader some facts of general 
history that seem rele\’ant to our study. 

At least nineteen-twentieths of the human story, a gigantic span 
of time, must here be passed over very briefly. The men of the Old 
Stone (or Palaeolithic) Age, few and scattered, developed little to 
enable them to conquer their environment; the four Ice Ages by 
which their histoxy' was punctuated were in any case environmental 
changes, affecting huge regions, w'hich even the technology of tw'en- 
deth-century man would find it hard to conquer. As food-gatherers, 
they must have dimly studied the phenomena of climate, soil, and 
season, which determined wh 'ther their stomachs were to be full or 
empty. More suscepdblc than most animals to cold, they impro¬ 
vised shelters, frequented caves, and made use of fire. To tame it by 
restricting the fuel on which the flame was seen to feed; to spread it 
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by improvised torch or draught i to quench it i^ith watcL were arts 
which could be learnt from nature. Even the lighting of hre by wood- 
friction may possibly have been derived from seeing the effect of 
dry boughs being rubbed together by the wind* 

Among the many uses of fire was the hardening of wood for 
w'eapons or tools. Lacking the strong canine teeth of true carnivores, 
men had at a very early stage learnt the handiness of sticks and stones 
for tearing up carcases they scented, and later for hunting. From the 
finding and collection of ready-made implements they graduated to 
their manufacture—using a Eiammer-stone to chip and flake flint 
and other of the finer-grained scones so as to produce a cutting-edge 
and other desired shapes* After many generatjons of careful imita¬ 
tion and sporadic improvement* there emerged a recognizable an¬ 
cestor of the stone axe which, transmuted into metal, stiU rings 
through the forest* The handsixe* made of sandstone, quartz, or lava 
as w cllas of flint, ser\'ed mankind for at least a thousand centuries and 
spread over nearly one-fifth of the land-surface of the globe* It Is w eU 
known to us because of its durability; objects made of less durable 
materials like wood or horn, though sometimes prescribed in sand, 
peat, or even ice, are usually lo^own only indirectly* With the dc\'elop- 
ment of the spear-thrower and the bow, man the technologist began 
to win his long struggle for human supremacy by matching skill 
against animal strength. Moreover, his aesthetic achievement, as 
represented by the astonishingly high quality of the paintings and 
engravings (Fig* i) which Palaeolithic man left behind him in caves 
and remote rock-faces, not only serves to call back a very distant 
past to our eyes, but is a challenging reminder that the unevenness of 
technical development runs right through human history* 

The Middle Stone (or Mesolithic) Age is the name given to the 
period of transition betw een the end of the last Ice Age an d the begin¬ 
ning of the era of human settlement and cultivation. It might be 
termed more accurately a stage, since its dating must vary with 
proximity to the shrinking polar ice-cap. For Europie it may be 
defined as stretching from the ninth or the eighth to the close of 
the fourth milicnmum b.c; it witnessed the rise of sea-level, which 
ultimately separated Sweden from Denmark and Britain from 
France, and the growth of the northern forests. Even more important 
in its effects on man's habitat w'as the increase of the desert areas 
in the Near East, which resulted from the same tremendous changes 
of climate* 
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Neolithic man is man emerging from savagery, having solved the 
basic problem of his food-supply by an increasing, though incom¬ 
plete, reliance upon stock-keeping or tillage or a combination of the 
two. He could grind and polish, and even drill, his implements of 
hard stone; he needed only to gain a knowledge of metal-working 
to make a much more efrecti\’e conquest of his physical environ¬ 
ment. The immediate result seems to have been a rapid growth of 
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population wthout earlier parallel—the so-called Neolithic revolu¬ 
tion. The long-term result, roughly coincident with the first use 
of metals, ^as the dawn of civilization as we know it. On its 
material side the history of dvilizadon is the history of technology, 
so that the main interest of the Neolithic stage, even for west Euro¬ 
peans, lies in lands south-east of Europe, where this stage seems to 
have been reached earliest, where it led most rapidly to the growth 
of civilized life—and w'here climatic conditions have enabled the 
distant past to leave the clearest traces. 

Gittle-herding would arise most naturally in the great river V’allcj-s 
of the east, which must have become crow ded with animal life as the 
desert expanded. Such were the lower valleys of the Nile, the Tigris 
and Euphrates, and the Indus. Moreover, the nch mud of their 
deltas provided an ideal medium for the discov'cry that the self- 
sown plants so laboriously searched for might be replaced by crops 
of man*s own planting. Stock-keeping no doubt came first, since it 
could be practised by nomads. Agriculmre, even if a new site was 
picked every season, implied at least a temporary settlement, and 
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the ver}’ fact of settlement made men conscious of new ^^*ants, which 
the new ease of food production made it possible to satisfy. Time and 
skill >^’ere no longer monopolized by the needs of the stomach, for 
the agriculturist, unlike the hunter, has seasons of comparative 
leisure and makes a permanent home. Society could now find scope 
for handicrafts and trade. 

This Neolithic culture spread by slow degrees from these eastern 
lands to Europe. North of the Mediterranean it reached a region of 
harsher climate, where progress would have been e^’en slower than 
it was had not the practice of extensive agriculture, which required 
the selection of a fixsh site for tillage ever}' few years, by its very 
wastefulness encouraged the gradual penetration of new areas. Hence 
the unrecorded millennia of Neolithic Europe, lasting in the case of 
Britain as bte as 2000 B.c Among its few memorials are the numer¬ 
ous flint-mines and the Megalithic tombs, which by their aura of 
myster}’ and their uncertain origins suggest to us in retrospect a 
darkness in marked contrast with the splendours of civilization then 
da^^ming in the east. 

MESOPOTAMIAN AND EGYPTIAN CIVILIZATIONS 

The middle of the fourth millennium b.c is the period at which 
Neolithic society in the great eastern river N-alleys developed the 
first forms of civilization. If the invention of wiring be taken to 
mark the transition from barbarism, then civilized man almost cer¬ 
tainly makes his appearance first in Mesopotamia, though the earliest 
civilized state of important size and long-continued history was that 
which arose soon ^ler in the valley of the Nile, where it was easier 
to keep out barbarian intruders; the course of events by the Indus is 
as yet little know. 

The existence of pottery and textiles in the Neolithic period pre¬ 
supposes Mmc degree of specialization. But the specialist craftsman 
can be maintained only if food-producers are organized to produce a 
regular surplus, a result which could not be achieved on a significant 
scale except by the banks of the great rivers, where the crop-yield 
WM most prolific and the collection of the surplus easiest. The profit¬ 
ability of irrigation vras taught by natural floodings; the chief ob¬ 
stacle to its ^cnutic and disciplined pracrice was man’s natural 
lamess and indifference to distant ends. Archaeological evidence 
points to the groiMh of the Sumerian city round the temple* the 
surplus was brought to propitiate the god; the land became his land; 
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his priests were the first leisured class; and the crafts which did 
honour to the god marked the beginning of civilization—and of 
technical progress. In Egypt, on the other hand, the original im¬ 
petus seems to have been given not by man’s fear and awe of the 
divine but by his enforced submission to a human conqueror and 
the natural appetite for power. The difference, however, is apparent 
rather than real. The w-ar chief of the Falcon clan, who first unified 
the valley of the Nile, became a god, the source of the river’s gift of 
fertility, and as such entitled to tribute from o'cry dweller on its 
banks. Lacking the temple nucleus, cities grew at first more slowly, 
but the funaion of the Pharaoh’s civil servants in collecting and 
administering the surplus produce of the land was essentially the 
same as that of the Sumerian priesthood. 

For understanding how the impressive technological achievements 
of the early civilizations were brought about, it is important to 
notice that, even when the tiller of the soil was regarded as a free 
man rather than as a serf, forced labour on public works was 
commonly exacted: in Egypt it was still customary when de Lesseps 
began to ig the Suez Canal (p. 445). In addition, we may trace from 
this period the growth of slavery, which had its origin at the stage 
when it first paid to keep captives alive because their work was worth 
more than their keep. Every war produced its quota of human plun¬ 
der; traders, too, dealt readily in a commodity that could cany' 
itself to market; and within the community enslavement was com¬ 
monly the fate of the criminal and the debtor. Slaves of the god or of 
his temple and of the king or of his state provided a numerous body 
of workers, sometimes well trained and often cruelly exploited, while 
throughout ancient history almost every reference to agriculture or 
industry in civilized countries must be uken to imply the employ¬ 
ment of slaves, usually in small numbers, alongside farmers and 
craftsmen enjoying different degrees of personal freedom. 

It is clamed that copper was the first luxuiy' to become a necessity. 
Accordingly, the growth of civilization during the third millennium 
B.c accompanies a slowly increasing use of copper and bronze, its 
alloy with tin. The ox-drawn plough and the irrigated field having 
been already known among the Neolithic food-producers, as was the 
oar-driven boat, the first major labour-saving devices invented by 
civilized man were probably the wheeled cart and the sail (p. iqO* 
As for the artistry of the craftsman working in delicate detail, Eg>'pt 
even before its unification produced astonishing iv'oiy'-carvtngs, while 
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the royal tombs of Sumerian Ur (Fig* 2 ) show that most of the tech¬ 
niques employed In the whole hisror}' of fine metal-work were 
already in use before 2500 b.c. In building,, too, the Sumerians had 
by then erected brick temples only a little smaller than the famous 
ziggurats, of which ruins survive from the following age* The early 
dynasties of Egypt, however, having stone to W'ork with, left a 
memorial that does not require the help of the archaeologist to inter¬ 
pret Its splendours: nearly fifty centuries have passed since the Great 

Pyramid of Gizeh was raised over the 
mummified body of Cheops, yet it is still 
the most magnificent tomb in the world* 
Both in Mesopotamia and in Egypt 
the third millennium, which had opened 
up such brilliant prospects for mankind, 
ended in political upheaval and techno¬ 
logical stagnation. The earliest of the 
great Semite leaders, Satgon the Great 
of Akkad (Fig. 3), brought the first of 
a series of conquering peoples (Akka¬ 
dians, Araorites, Kassites) down from 
the hinterland of the Tigris and 
Euphrates delta. All alike built their 
civilization upon Sumerian founda¬ 
tions, though Hammurabi, the great 
Amorite lawgiver and administrator, 
made the city of Babylon supreme over 
Fic, ^ Btqiuv hold of Sorgion th c w hole region. An 8-ft shaft of closely 

inscribed stone preserves his legal 
code; his letters preser\'C the man himself. But Hlttitc raiders from 
the north-west and Kassites from the north-east overthrew- his suc¬ 
cessors, after which Babylonia under Kassite rule relapsed into 
many centuries of barbarism. Meanwhile in Egypt the highly cen¬ 
tralized autocracy of the Pharaohs who reared the first pyramids 
gave place to a feudal age, characterized for us by the fine rock 
tombs of the nobles. The Pharaohs of this Middle Kingdom led 
their feudal hosts up the Nile to conquer Nubia, and nem-er home 
provided neW' lands by vast irrigation works based on Lake Moeris 
in the Fayum, About 1700 B.C. the kingdom fell to the Hyksos or 
shepherd kings, horsed nomads from western Asia j it Ls v, ith their 
expulsion, about the year 1580 b*C., that the New- Empire begins. 
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This was an citipire over many nations, extending from the Fourth 
Cataract of the Nile to the banks of the Ettphntes. It was an empire 
also in the sense that it depended upon militan’ power, the power of 
the horsed chariot, as^serted with varying success against such strong 
enemies as the Hittites* For us, however, its interest lies mainly in 
its aesthetic triumphs. Among the temples at Thebes, w hich had now 
become titc Egyptian capital, there stands, for instance, the Great 
Hall of Kamah, a single room of 329 x 170 ft, covering as much space 
as the cathedral of Kotre Dame, and still the largest colonnaded room 
in existence. Close by, the tomb of Tutankhamen marks the cKitiax 
of Bronze xAge achievement in the fine arts, not only in the w'orking 
of gold and silver, semi-precious metals, and ivory, but in the mar¬ 
vellous curved fnmiturc revealed there, which is unrivalled by 
European technique until the Renaissance. At the same time, a 
newdy realistic portraiture sets the Pharaoh before our eyes — not 
merely tlic godlike ruler but the man and! lover, with fortune as 
frail as our own. Thus w c can share for a moment in the pathos of a 
civilization w^hich had reached such perfections before Moses lay in 
his cradle, and which* though its thirty dymasties continued until 
the time of Alexander the Great, passed its zenith more than 3,000 
years ago* 

Since progress is the rare exception, and not the rule* among the 
communities of mankind, it is less important to speculate about the 
reasons for its cessation among the ancient Egyptians than to observe 
how the technological advances made in the Near East became by 
degrees more widely diffused until they penetrated Europe. Neither 
Mesopotamia nor Egypt had the resources w'hicb w'ould have enabled 
it to develop its civilization on a basis of autarky. They had never 
been self-oontained as regards timber or metals or even ivory” in the 
second millennium b.c. the development of larger ships and better- 
organized land transport encouraged greater efforts to satisfy their 
needs by importations. In exchanging the products of their superior 
tcchnologj' for raw materials they stimulated imitation. Moreover, 
in ancient as in modem times the needs of trade often stimulated the 
desire for conquest, which likewise left its mark upon the life of 
neighbouring peoples long after the ride of conquest had receded. 
Aggression then provoked counter-aggression: some barbarian in¬ 
truders ivere eventually absorbed into the life of die two empires 
{pp. 10, Z17), others clashed with them, learnt from them, and kept 
their independence. 
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Of the latter group, the most important for our purposes are the 
Hittites of Asia Minor, the first Indo-European people to emerge 
into the full light of history. Matching weapons of iron against 
bronze, thej' \sTenched away provinces from both empires, and for 
a few centuries in the middle of the second millennium established 
a third civilized state, stretching southwards to Palestine and east¬ 
wards to the Euphrates. Its centre was Bogazkoy in the mountains 

of Anatolia, which was in its prime 
a far bigger city than Babylon, 
built where both wood and stone 
were abundant. Having a plentiful 
supply of silver, which had long 
replaced grain as a medium of 
exchange, the Hittites apparently 
struck the first coins, and passed 
the technique w*estwards. Thus 
civilization had been brought very 
close to Europe overland, though, 
as we shall sec, its diffusion there 
^^‘as destined to be mainly by sea. 

But it will be convenient to con¬ 
tinue with the history of the eastern 
empires as far as the first great 
reverse they suffered at the hands 
of the West. About 1200 B.c the collapse of the Hittitc realm ^*as 
roughly coincident with, and partly occasioned by, the rise of Assy¬ 
rian power. For a rime the rise was checked, but eventually the 
Ass>Tians captured Babylon, obliterated the ten tribes of Israel, and 
held little Judah and Benjamin in subjection. In the days of the so- 
called Sargon II (722-c. 670 B.c)—his choice of name is significant 
—they based on Nineveh the most extensive empire that had yet 
arisen in western Asia, The Assyrians were great users of stone, both 
in facings of masonry for their colossal brick buildings and for 
sculptures in relief. TTic figures of animals which they devised still 
fascinate the western mind, though it was their iron-equipped army 
and battering-rams (Fig. 4) which most impressed contemporaries. 
They conduacd an immense trade to east and west, using the tongue 
of a conquered people, the Aramcans of Syria, as their language of 
commerce. From India they brought the cotton plant to adorn 
Sennacherib’s park; fi-om their trade with Asia Minor came Glidan 
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silver, employed by them as a medium of exchange. When Nine\’eh 
fell to the Medes and Chaldeans in6i2 b.C, it left a tradition of world 
empire which vns not without effect as late as the rise of Rome. 

The neo-Babylonian or Chaldean empire which followed was the 
empire of Nebuchadnezzar, who led the Jews captive to Babylon— 
into a city adorned with the Hanging Gardens, with the temple 
which suggested the Tower of Babel, and with the still-visible 
Ishtar gate (sec Fig. 64). A more lasting memorial, however, was the 
remarkably accurate astronomical data, accumulated there over 
many centuries without the telescope or any form of chronometer, 
upon which Greek astronomy was largely to be based. For the final 
decline of Babylon set in with its conquest in 539 B.C by Cyrus the 
Great, the founder of the Persian empire, which almdy stretched 
as far as the rich kingdom of Lydia in western Asia Minor. The 
second of his line overthrew Eg>T)t, the third spread Persian rule to 
the Danube. Their power was consolidated by the imtitution of a 
famous network of postal routes and stations. T^c Persians were also 
at home upon the sea, launching their ships in the Indian Ocean, 
labouring to restore an ancient Eg)'ptian canal to link the Red Sea 
with the Mediterranean, and organizing that great seaborne invasion 
of Europe which is described by Herodotus. This Persian empire, 
which eclipsed all its predecessors in size and strength and in the 
glories of its great architectural complexes at Persepolis and Su^ 
gave the Orient nearly two centuries of peace. It was awakened again 
by the tramp of the armies of Alexander the Great, who, when Greece 
itself had passed its zenith, pitted the strength of his youth against 
civilizations which were already old when Greece was young. 

THE RISE OF GREECE AND ROME 

As we turn back to trace the first beginnings of civilization in 
Europe in the second millennium B.C, we may perhaps pause to 
emphasize this last point. The best-known portion of ancient hi^ 
tory, which may here be passed over with corresponding brevity, is 
the story of the rise of Greece and Rome. In the domains of politic 
and literature, indeed, there are obvious reasons for according it t^ 
traditional pre-eminence; but from the technological standpoint 
the glories of Greece and Rome can easily be overestimated. When 
the Greeks and Romans in succession overthrew the ancient civili¬ 
zations of the Near East, they appropriated and inherited much; but 
there was also much that they destroyed, and what they devised in 


M GENERAL HISTORICAL SURVEY I 

its place rarely superior, and often inferior, to the technical 
achievements of earlier ages. 

Those techniques had included, since a remote period in Egyptian 
history, the construction of seagoing ships, which traded potter^' and 
other 'na.rcs along the Syrian coast in exchange for the cedars of 
Lebanon and many other raw materials in which the Nile valley was 
deficient. Thence a short but momentous step toot them to the 
wooded island of Crete, W'here Egyptian imports—possibly also the 
teachings of refugees from Egypt at the time of its fcst unification- 
first enabled a European people to attempt a civilized way of life. By 
the beginning of the second millennium B.c. the Cretans were already 
exporting pots and vases to Egj'pt, often in their own ships. But the 
zenith of this hriinoan civilization was the period 1600-1400 b.c,, 
when Knossos was a metropolis of brick, housing a popubtion of 
perhaps So,000. The pabce of Minos, famous in Greek legend, was 
the first great architectural achievement of the northern Mediter¬ 
ranean, important as a centre of industry as well as of the royal 
admLnistTadon. Highly skilled potters, workers in metal and ivors', 
painters, and glaziers provided the basis of an overseas trade w hich 
reached across the eastern Mediterranean in all directions. From the 
gold of Spain to British tin, from Baltic amber to the furs of Russia, 
the outer barbarbns all had something to offer; what they received 
in return were the goods that stimubted the slow passage of the 
western bnds into the Bronze Age, We have no direct knowledge of 
the bronzesmiths, who may well have travelled long distances to 
find customers; but the design of a carving of a dagger at Stonehenge 
(p. 162) finds its nearest parallel in the bronze daggers of Mycenean 
Greece, the malnbnd outpost of Mincan culture. 

The fall of the Hittite empire in Asb Minor, the sack of Knossos, 
which seems to have had Greek rulers at the last, the ending of the 
Minoan/Mycenean culture in Tiry-ns and Mycenae itself, and the 
decline of the Egyptian New' Empire, arc events in the closing cen¬ 
turies of the second millennium which mark the onrush to the 
Mediterranean world of Indo-European invaders from the north. 
.Among them w ere the main body of the Greeks, the Dorians, who 
for several centuries after their arrival in the land w hich thev were 
to make famous lived at a cultural level below rather than above that 
of ^cir h^oic age ^ deleted by Homer, Meanwhile, with the 
decline of Qcte, the Semitic Phoenicians of Tpe and Sidon rose to 
be the chief sea-power m Mediterranean waters, and the founders of 
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great colonies such as Carthage and Cadiz. Then in the same period 
the people ^hicb we call Etruscan vi-as driven overseas from its 
home in Asia Minor, and ultimately transplanted a rich Oriental 
culture to the soil of north Italy. So, when the Greeks in turn began 
to develop their civilization and to unite commerce with colonization, 
to which a barren hinterland impelled them, the western Mediter¬ 
ranean was already occupied by two great rivals. The momentous 
consequence was that, in spite of the great importance of Syracuse, 
which rose to be the second-largcsi Greek city, and of the many 
other Greek colonies in Sicily and south Italy, classical Greece left 
its more direct and immediate imprint upon the world of the cast. 

By 600 B.C. Greek tcchnidans had in some respects reached, and 
in matters of taste surpassed, the level of their Oriental teachers* Iron 
is described in the Homeric poems, though not as a material for 
weapons. In classical times the Greeks w ere expert in many forms of 
metal-work and conducted their trade with the help of coined money 
—an enormous stimulus to small-scale trade—imitated from the 
Lydians, who had been neighbours of the Hittites. Their most 
essential imports were grain and fish from the Black Sea colonics and 
their hinterlands j they also imported slaves and many luxuries, 
ranging from Etruscan art treasures to the carpets and rich silver 
vessels of the East. A huge industrial development was required to 
produce the metals, cloth, ponery, oil, and wine, which Greece, 
and especially Attica, exported in exchange. Fifth-century Attic 
vases have been found in the Rhineland and on the banks of the 
Marne, though it was the Greek wine, sold mainly in skins which 
leave no trace, that had the biggest success among the barbarian 
Celts. 

The final defeat of the Persian invaders in 479 under Athenian 
leadership marked the ascendancj' of the Greeks among the nations 
and of Athens among Greek states. For two generations she was the 
mUtress of a tributary empire: the Athenians seized their golden 
hour, and Phidiases chiy'selephantine statue of Pallas Athene pre¬ 
sided over a capital embellished as was no other* But for the history 
of technology it is perhaps more important to notice that the position 
of Athens as the chief business centre and virtual metropolis of the 
Mediterranean world long survived Its political downfall. Indus¬ 
trialized to an extent which w^as then a novelty, and w hich was 
facilitated by the fact that the mother-city of democracy had a popu- 
lation that was about one-half sbvc, Athens would have staiw'ed but 
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for the continuing reputation of its potterVj bronzes and other metal- 
wort, and furniture, which brought the com-ships to the Piraeus- 

Unable to reconcile their quarrels, the Greets were soon to be 
laid under the heel of the Macedonian highlanders of their own 
hinterland. The immediate sequel was the decade of Alexander’s 
conquests (333-323), in w hich the civilization of the conquered 
Greeks marched across Asia with the conqueror. Although the mili- 
taiv' ad^'ance was halted at the Indus, Greek art penetrated the whole 
of India and even to China, while the string of Alcjcandrias, founded 
as far aheld as Afghan Kandahar, gave the Greek way of life a whole 
series of new peints d'apptit. Alexander had in fact made world com¬ 
merce supreme over national barriers: if the ^^40 million of state 
treasure, which he captured in Persia and put into circulation, gave 
only a temporary stimulus, the spread of the Greek language through¬ 
out his vast dominions proved more lasting than most political suc^ 
cesses^ When on his untimely death the inheritance was divided 
among three successor states, none of them repudiated the Greek 
tradition and one, the Egypt of the Ptolemies, entered upon a new 
lease of life wdth the greatest of the Alexandrias as its capital. 

The Hellenistic age that foUowxd was one of great industrial 
activity, helped by the existence of trade routes stretching all across 
Asia. It was an age distinguished for its town-planning, good water- 
supply, and drainage systems. Fine government buildings arose, 
with the clerestory and arch introduced from the East;, houses were 
Increasing in comfort and furnishings were often Luxurious. Im¬ 
portant advances in mathematics, asttonomy, and medicine were 
accompanied by practical labour^vtng inventions. At Alexandria a 
great library brought together all the learning of the known world, 
while its huge lighthouse looked out over a mass of shipping w'hich 
gave the city something of the character of a great modern port. 
Alexandria also had its Museum, which exercised the characteristic¬ 
ally Greek functions of a University. But w'e must not exaggerate the 
degree of hcllenization. Although Alexander had obliterated the 
military power of the Near Eastern empires, the imprint of their 
older civilizadons upon many generadons of men could not vanish 
so easily. Religion was only one of the great indigenous forces that 
continued to travel chiefly from cast to west. 

If Alexander had lived longer he would probably have pursued his 
career of conquest westward, so that the whole of the Mediterranean 
world, west and east, might have been knit together some three 
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centuries earlier than it vi-as. The time was ripe^ for the impulse of 
civilizations that waxed and leaned elsewhere had by now penetrated 
far into barbarous Europe^ up the Danube valley as w ell as across the 
Inland sea. In most areas tools of stone had been at least supple¬ 
mented by those of bronze, and since the beginning of the last 
millennium B.C iron-working, with its centre in the eastern Alps, had 
started to spread among the German and Celtic tribes. The latter 
w ere much on the move, and by their penetration into Italy broke the 
power of the Etruscans. But in the lifetime of Alexander the Great it 
was the obscure state of Rome, long under Etruscan tutelage, which 
was coming to the fore as leader of the Ladn tribes of its immediate 
neighbourhood and unconsciously preparing itself for the destiny 
ivhich the Macedonian was not spared to fulfil. By the middle of 
the third century b.c the Romans had mastered the Greek cities of 
south Italy, w^hoae shipping had laid the foundations of Romeos 
commerce, and had expelled the Carthaginians from Sicily. Within 
the next century' they had won a titanic struggle for control of the 
w'Cstcm Mediterranean by the subjugation of Carthage, a city three 
times the size of Rome and one that had risen through the carrying 
trade to be the wealthiest port in the known world, but handicapped, 
as republican Rome was not, by dependence upon a system of slave 
estates. When they razed Carthage to the ground in 146 B.C, their 
power already ranged from southern Spain to Macedonia and S3Tjaj 
and the burning of Corinth in the same year showed their ability 
further to impose a ruthless will upon the s(|uabbluig rulers of the 
east Mediterranean w'orld. 

Like Alcicandcr, who had been made irresistible by his combination 
of the well-drilled infantry phalanx with flanking forces of heavy 
cavalry, the Romans excelled in the techniques of war. They twk 
over from the Greeks of south Italy two ekborations of the prin¬ 
ciple of the bow—the arrow-discharging catapult and the heavy 
ballisUL But the conquests of the republic depended primarily upon 
the carefully trained legionaries, who marched to the Euphrates ^d 
the Caspian Sea, subdued the Celts of Gaul, brid^ the Rhine, 
and crossed the tempestuous Channel to Britain. Finally, with the 
absorption of the Egypt of aeopatra, Roman military^ technology 
completed the union of east and west. 

The age of foreign conquest was also an age of domestic strife, 
in which the republic perished. Its political leaders were enriched 
and demoralized by the plunder of provinces that had long been the 
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centre of western civilization: Rome now attracted the trade of the 
world and paid in money more than in goods* The traditional agri-* 
culture of Italy largely oollapsedi small farms giving place to vast 
estates, where stock w‘as raised and the vine and olive were ailti- 
vated by gangs of imported slaves* Rome itself, the workshops owned 
by Romans, and the country residences of the great were all crowded 
with slaves: w^e hear of 150^000 prisoners from a single campaign, 
and the island of Delos, which the Romans made into a general 
entrepot market, U said by Strabo to have auctioned as many as 
10,000 sbves in a day at prices of a head. In the century of 

violence and confusion with which the history of the Roman repub¬ 
lic closes, the slave revolts, pur dowm with great severity, may claim 
our sympathy more readily perhaps than the bitter struggle for 
power between rival groups of politicians. Its uphot, however, was 
the victory' of a great statesman, Augustus, the founder of the Roman 
empire, who in 30 completed the overthrow of his last enemy, 
Mark Antony, in the same campaign that won him Egypt. 

THE ROMAN EMPIRE 

Thus it was given to the Mediterranean world to enjoy a unique 
tw'o centuries of peace {Fig* 5). Although it proved impossible to 
hold the ancient Mesopotamian bnds beyond Euphrates, and there 
was no lasting conquest of Germany east of the Rhine or of modem 
Romania north of the low'er Danube, the all-important fact is the 
security' of the inner region, an economic unit of a size that has never 
been based on Europe since, throughout a period as long as separates 
ourselves from the elder Pitt and George Washington. The shadows 
began to close In again during the reign of the philosopher emperor, 
Marcus Aurelius Antoninus, but the golden age did nor terminate 
definitively until the death of his son, the emperor Commodus, in 

A.D. iga. 

Meanwhile Rome had replaced Alexandria as the most splendid 
city of the w-estem world, crow ned by Augustuses sumptuous resi¬ 
dence on the Palatine Hill, from which our word *palace' derives. 
Two generations later the great fire of Nero's reign provided the 
occasion for a more general rebuilding of the city. Much of it was 
now made of brick-faced concrete, and the brick-yards which arose 
to meet this need led to the creation of a brick-making monopoly in 
Italy on modem lines, the wealth of which helped to raise the 
Antonine dynasty to pow'er. Of other building materials wc may 
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notice Jead became very cheap (partly as a by-product of the 
stiver mines) so that plumbing reached a high standard of efhdcncy. 
A barge canal planned by Julius Caesar linked the capital vrith. Ostia 
and v^as intended to join up with Putcoli, itsmainout-port, for some 
five million bushels of wheat, about one-third of Rome*s annual 
bread supply, was of Egyptian origin. 

Politically, Rome and Italy were favourably placed to conduct a 
world-wide trade: not only did all roads lead to Rome but the 
Mediterranean seaways were, for the only time in their long history, 
subject to a single effident police authorit}-. Thus the potteries of 
Puteoli, Arretiunii and the Po valley provided tableware for all ex¬ 
cept the south-eastern provinces of the vast empire, w'hile south 
Italy had a large-scale woollen industry. Economic historians main¬ 
tain that the Mediterranean world as a w hole has never recovered the 
prosperity it enjoyed in the late first and early second century, at 
the time when the Emperors Domitian and Hadrian consolidated its 
natural frontiers on Danube, Rhine, and Tyne, But from the point 
of view' of the historian of technology^ this is, above all, a period 
marked by the w ide diffusion of skilled handicrafts, for the trade of 
the Roman empire did not develop along the lines of a single Italian 
* workshop of the world*. 

If wc look towards the Near East, one important factor was the 
steady development of the trade route across the Mediterranean; 
numerous docks and lighthouses w'erc installed primarily for the 
benefit of the government grain ships, which carried a thousand 
tons at a time between Egypt and Rome. It was therefore natural 
that the attempt should be made also to increase the trafhe farther 
cast. The existence of seasonal winds in the Indian Ocean was know'n, 
and at one time a fleet of i20 vessels plied betw’een the Red Sea and 
India, Nevertheless, what the close contact w ith the Near East chiefly 
implied was an economic revival there, against which Italy could 
not in the long run contend, even though the ranks of her own 
craftsmen were largely reinforced by technicians from the east* 

If wc look instead to the formerly less civilized areas of the west 
and north of the empire, we find a different sequence of O'ents. They 
were penetrated first by the Roman army, which often brought with 
it its own potteries and other manufacturing equipment* In the wake 
of the army there soon follow ed Italian traders, to serve both military 
and civilian needs* But the heavy cost of transport in all areas remote 
from navigable rivers quicklystimubted an outward shift of industry: 
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foTf if materials and a reasonably tractable labour supply were 
available, who would ever contempbte the carnage of pottery, for 
example, into distant provinces ? There were also many techniques 
which could be practised only at local sites even if, as in the case of 
minerals, the rights of ownership were strictly reserv-ed to the im¬ 
perial authority at the centre: in Spain, for instance, mines were dug, 
deeper and more ingenious in their construction than any known in 
post-Roman Europe for the next thousand years. More generally, 
the tools and trades of bricklayer, mason, and carpenter were intro¬ 
duced to proNide the conquered regions with the towns by which the 
Roman way of life was to be sustained. Agricultural exploitation, 
however, was paramount. Rome laid c>er>' shore of the Mediter¬ 
ranean under tribute: in Algeria, for instance, there are still vestiges 
of Roman works in almost every commune. In Spain there was 
state-supervised irrigation, and the enormous exports of wine, oil, 
hsh, and other Spanish products have left behind near their un¬ 
loading place at Rome a strange memorial, in the fragments of some 
ten million ii-gallon amphorae which form the modem Monte 
Testaccio. Even Britain was not too far off to be developed into an 
important imperial granary. 

Nevertheless there were alwa^a marked limitations to the achieve¬ 
ment of the Romans. They had made an empire in which the com¬ 
forts and civilized life of the towns rested upon the backs of a 
toiling peasant population which produced the food; yet the 
urban industrial output was not quickened by any industrial revolu¬ 
tion, such as the conditions of peace might have been expected to 
foster. Here was no golden age of pure science, nor did the intel¬ 
lectual leaders of Rome apparently take an interest in technology 
commensurate with the public works of their day: it w'as left for 
freedmen and foreign immigrants to provide the brains of industn*. 

The true reason why the Romans displayed little inventive genius 
in mechanical matters is largely hidden from us The need was there, 
for slaves in captivity did not maintain their numbers, and it is in 
any case to the credit of Roman society that freedmen were in each 
generation a numerous element, so that, when the empire ceased 
to expand and there were no more w'ars of conquest, the tradi¬ 
tional labour force in industry tended to decline. The available 
archaeological evidence shows, indeed, that there was some use of 
labour-saving machines, like the water-mill, and eventually some 
concentration of industiy in imperial faaories for arms and* cloth. 
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But no rcvolutionar}' impetus was imparted to Roman technology, 
such as might have helped to save an empire in decline. 

As regards agriculture, interest centres upon those outer pro¬ 
vinces into which the empire had begun to expand in the time of 
Julius Caesar. The Mediterranean lands had their own long-standing 
problems of seasonal rainfall and lightness of soil; they were often 
under-manured, the sheep being sent to graze the hills; and there 
was a general scarcity of land for stock-raising. It has even been 
suggested that exhaustion of the soil was one cause of the empire’s 
eventual downfall, though the prices of com in the Republican and 
Late Empire periods when compared show little change. In any 
case, the Roman economy had much to gain by bringing a wider 
area into cultivation, and the stimulus given to dlbge outside the 
Mediterranean lands is one of the important developments of this 
period. But the regions affected, such as northern Gaul and Britain, 
were mainly places of damper climate and predominantly heavier 
soil, for which the agriculmral techniques practised by the Romans 
had little to offer, except as regards viticulture, where they were the 
heirs of the Greeks. 

After the death of Commodus the empire was for three generations 
on the verge of collapse, being rescued from complete disintegration 
by two great rulers, Diocletian (284-305) and G)nstantine the Great, 
who obtained complete pow'er in 312 and died in 337. The restored 
empire, howe\'er, w'as a bureaucratically administered autocrac)’, 
whose head wore the costume and imitated the traits of an eastern 
despot on the pattern of its oriental riv’al, the new Persian empire of 
the Sassanian kings. Although G)nstantine made Christianity the 
official religion, neither this momentous change nor the division of 
the empire into two halves, which w^ first practised by Diocletian 
and made permanent in 395, could restore the spirit that had left it. 

The reasons why the empire in the w est declined and fell are still 
uncertain. On the technological side, if we find inadequate the theory 
of the impoverishment of the soil, there is a w ell-attested decline in 
the output of metals, though it is hard to tell whether this was cause 
or effect. Having less gold to pay for imports, Rome lost, for in¬ 
stance, the stimulus of her trade with the E^t. It is also suggested 
that the failure to cope with the sanitary problems of life in large 
towns supplies a reason for the fall in the j^pulation of Greece and 
Italy at this period; neglect of existing drainage works, particularly 
in the Roman Campagna, may well have contributed to a grave 
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increase in malaria. More gencmllyi It would seem that die attempted 
concentiation of industry, referred to above, did little to check the 
impoverishment of tow n life, w'hich, when coupled with the ex¬ 
cessive burden of imperial taxation, fatally disheartened the middle 
classes. In their dealings with the barbarians, the Romans seern to 
have lost confidence in their civilizing mission long before the har- 
barions themselves lost their aw'C of the grandeur that was Rome. 
Indeed, the empire, as view'ed from such a province as Gaul or 
Britain, which in the fourth century enjoyed exceptiojial prosperity, 
was long in d^ing. Rome itself bad been twice sacked by barbarians; 
AttUa the Hun bad stood on Italian soil; and barbarian kingdoms 
were springing up from North Africa to Britain, before the Hcrulian 
Odoaccr intervened in 476 to depose the last fugitive Roman emperor 
in the west. 

What did this Roman empire in its death throes transmit to its 
heirs ? The answer is, more than might be cKpcctcd. Everj- one of 
the barbarian peoples, except perhaps the Huns, had long been in 
contact with the empire through trade; the finds of Roman coins os 
far away as northern Scandinavia and central Russia bear silent 
witness to this. Moreover, the barbarians had for centuries entered 
the empire and sampled its economy as mercenary soldiers and 
pioneer settlers. Further, there was the influence of the Christian 
state church, its bishops, and its monasteries. In spite of the teachings 
of Augustine's De Civitate Z)ff, churchmen cherished the memories 
of the material splendours of the earthly Rome. When what w^erc 
once Roman cities became the centres of episcopal administration 
among converted barbarians, it w'as natural for foe bishop to pre- 
serv^e what he could of the Roman yttly of life—if it was only foe 
keeping of an aqueduct in repair or a fashion in foe building of a 
basilica (Fig. fi). Thus it came about foat foe western world never 
wholly lost foe technological traditions that Rome had received from 
foe Near East. There W2s a teasing memory of vanished comforts 
and luxury, useful skills in Mediterranean agriculture, and, even 
while foe Roman roads fell slowly into decay, a continued employ¬ 
ment of fine techniques of metal-w'ork for ornaments and weapons. 

Nevertheless, frorn the point of view' of technology and much 
else, the key ev^ent of these centuries was not the destruction of 
Rome in the west but the transfer of Roman ideas to the casL In 
foe four years 316-30 Constantine the Great had built his new^ 
capita] of Constantinople; in Gibbon's memorable phrase, 'the 
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eastern city rose like an exhalation*—and changed the course of his¬ 
tory. Here, in a Greek setting, the eastern half of the empire con¬ 
tinued its independent existence for t\Kice as long as the lifespan of 
that empire which wc loosely think of as 
the only Roman empire. At the time when 
the western empire disappeared, that of the 
east included the only two provinces that 
were economically sound, namely, ^\sia Minor 
and Eg)!?!. While the flow of trade elsewhere 
sbekened, Constantine's gold aureus w'as 
beginning a circulation which lasted for 700 
years. In an age when many western cities 
were left deserted ruins, Constantinople 
boasted a population of a million. 

THE EARLIER MIDDLE AGES 

A ruined Roman forum and an un¬ 
frequented Roman road are, perhaps, fair 
s)'mbols of the life which prevailed in 
western Europe at the end of the great 
migrations. Few records sur\ivc from the 
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period of the settlement, which was in a sense completed with the 
arriv'al in north Italy of the Lombards in 568. But the birth of Islam 
in Arabia in 622 followed so quickly that it is perhaps more realistic 
to include the swift extension of Muslim power east to the Indus 
and west to Spain as part of a single great upheaval, which lasted 
until Charles Martel repelled the Muslim advance into France (732) 
and prepared the way for his grandson Charlemagne briefly to revive 
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a Christian empire of the west. If we take our stand, however, at 
the day when Charlemagne was crowned ‘Emperor of the Romans*, 
Christmas Day 800, it is possible already to discern several faaors 
which suggested for western Europe a future less dark than the four 
centuries which were past. 

The coronation of Charlemagne bore witness to the increasing 
ascendanc)' of the Christian church in secular as well as spirittial 
affairs. Since 529 monks of the Benedictine Order had improved 
tillage and reclaimed waste land in many parts of the west. In the 
time of Charlemagne great abbe>'s w ere growing up in north Gaul 
and Germany. Town-life being still at a low ebb, they served an im¬ 
portant purpose in preserving skilled handicrafts and in the organiza¬ 
tion of trade, without which the monastic brethren, who needed 
much they did not themselves produce, could not exist, much less 
flourish. They had a direct interest in the techniques of agriculture, 
and it seems likely that the monks of the great abbeys were among 
the first landowners to adopt what was the central agricultural im¬ 
provement of the Middle Ages, namely, the substitution of the 
three-field for the Roman two-field rotation of crops. This more in¬ 
tensive use of the tilled area developed side by side with the in¬ 
crease in its size as the forests fell before the axe. Here, too, the 
Church played its part by setting its face, though with varving 
determination, against the enslaving of fellow-Christians: on the 
medieval manor the institution of serfdom did not usually prevent 
the winner of new soil from profiting by his enterprise. On a larger 
scale, the colonization of Charlemagne*s Eastern March (Austria) by 
the Germans w^ likewise a significant adv'ance. 

The stimulus of large-scale commerce, how ever, was still lacking, 
and when Charlemagne died the sea and river routes were being 
bloodily transformed into the highways of Viking raid and conquest. 
A large proportion of the v-aluables of western Europe, which might 
have been the objeas of trade, went to adorn the homes of barbarians 
beside the fiords of Norway and elsewhere, while farther east the 
frontier-lands of Charlemagne*s empire were laid w*aste by the Mag¬ 
yars, who came by way of south Russia to make their permanent 
home on the plains of Hungar)’, and who were with great difficulty 
driven back from the heart of Europe. The tenth and eleventh cen¬ 
turies likewise saw men of Norse, Danish, and Sw edish blood firmly 
settled in new homes frt)m Limerick to Kiev and from Iceland to 
Sicily, where the)' became zealous Christians, like those liegemen 
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of William the G)nqucror who reared the great Norman abbey's 
at Durham and St Albans. As Europe became more nearly co¬ 
terminous with Christendom, the stage was set for the Crusades. 

The glamour of the crusading movement has often tended to con¬ 
ceal its true position as only the most dramatic episode in a long- 
continued interaction bcD^cen cast and west. Ever since the fall of 
Rome, the recovery of material civilization in the west had depended 
primarily upon the Byzantine and other technologically more ad¬ 
vanced societies farther cast; their influence upon the petty warring 
states which emerged from the barbarian invasions of Europe was 
more gradual and less ob\'ious, but scarcely less profound, than that 
which western Europe in its turn exercised upon the .American 
continent. How much came, for instance, through the peoples of 
the steppes, and by what routes, is still a mystcr>'. The open land 
frontier in Asia certainly pro\ided a means of contact with the tech¬ 
nically fertile civilization of China: it seems likely that the horse- 
collar, the breast-strap, the cross-bow, the stimip, and even the 
wheelbarrow’ made their unrecorded cntr>’ into western Europe by 
this route. The respective debts to the Byzantine and Islamic 
worlds can, however, be stated less tentatively. 

Constantinople, the terminus of a long-established silk-route from 
China, was naturally a centre for the diffusion of Far Eastern tech¬ 
nologies, including the most sedulously guarded ones, such as the 
culture of the silkworm, whose eggs were successfully smuggled in 
during the reign of Justinian I. Constantinople was also the inter- 
mediar>- for the skills of the Middle East, both in the time of Sassanian 
Persia (p. 23) and throughout the ascendancy of Islam down to the 
fi nal overthrow of the eastern empire in 1453* Last but not least, 
there was a whole range of handicrafts which Rome had inherited 
from the Near East and which retreated again eastw-ards, to sur¬ 
vive throughout the Dark .^ges in the haven of New Rome beside 
the Bosphorus. 

Byzantine influence upon the west took various forms. On the 
mainland of southern Italy direct B\’zantinc control, which the armies 
of Justinian established in 536, lasted five centuries. For about the 
same period, Constantinople was the great trade centre of the Medi¬ 
terranean, ha>’ing control of a netw'ork of Roman roads, of the Black 
Sea, and of the Levant. Moreover, being by far the most imi^- 
ing city of the Christian world, it was a natural centre of attraction. 
From the eastern empire the peoples of the west received mosaics. 
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sills, ivories, and Egj'ptian and S^Tian glass and metal-work superior 
to anything they could devise for themselves. Even its weaknesses 
contributed to spread Byzantine influence westwards—w^hen crafts¬ 
men emigrated as a result of religious schism or unsuccessful war, 
and when, as we shall see, the north Italian states found in the 
Crusades their chance to plunder the treasures of the east. 

In relation to the Byzandne empire the power of Islam was a 
destructive force* Seven centuries lie between the first siege of Con¬ 
stantinople by the infidel and his eventual triumph in 1453, during 
which survival was partly due to technological advantages—superb 
fortification of a strategically placed capital, excellently equipped 
armies, with engineers and even ambulances, and the terror inspired 
by the mysterious ‘Greek fire^ (p* 268)—until the Muslims learnt 
flame-throwing from the Christians. But in relation to the west, 
Islam must be considered mainly as a constructive influence* Al¬ 
though it was not undl the ninth and tenth centuries, when Biaghdad 
and Bokhara rose in the cast and Cordova and Seville in the west, 
that Islaimc civilizadon reached its height and made its full impact 
upon the west, from much earlier day's the huge size of the area the 
Muslims dominated made naturally for an increase in trade. They 
were glad to import slaves (usually Slavs whom it was held no sin for 
Christians to buy or kidnap from beyond the Elbe), metal goods, 
and timber from western Europe. West Europeans received in ex¬ 
change goods of superior workmanship in familiar materials, such 
as glass and leather, and in completely new materials supplied by a 
society which was economically far in ad\'ancc of their own* The 
west also acquired a much^esired supply of gold, which was mined 
chiefly under the Crescent: the Islamic dinar^ like the Byzantine 
ff itre Bj, was used in western Europe as money of account, and hoards 
of the coins arc to be found as far north as Sweden. In the long 
run, however, Islamic dvUizarion, as we shall see, had more to 
oJfer than to receive; and a balance of bullion resumed its passage 
eastwards, as under the early Roman empire. 

Islamic civilization combined three advantages. It was in direct 
contact with the Far East, from which came materials, such as high- 
quality steel, silk, paper, and porcelain, and valuable techniques, 
like the Indian system of notation which we still call * 4 rabic numerals. 
It was also a secondary heir of Greece, having ov errun Syria, Egypt' 
and other areas of the Near Ease where, for example, the works 
of Aristotle were still available to stimulate inquiry. Thirdly, the 
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Islamic religion, unlike medieval Catholickm, did nothing to stifle 
the spirit of sciendhc inquiiy: hence came remarkable achievcmciits 
in chemistry, which ]>asscd on to the west under the Arabic name of 
alchemy. From Basra to Cordova great universities arose oenttiries 
before the earliest studtum generak in Christendom: by a.d. looo 
Cordova had a catalogued library of 600,000 books. The craftsman¬ 
ship of the Arab world was on a par with its scholarship: for example, 
when the Normans built the great cathedral at Durham over the 
relics of Cuthbert, the highest honour they could pay the saint was 
to inter his bones in a silk wrapping of Mesopotamian manufacture, 
inscribed—though the devotees of the saint were happily unaw are of 
this—with a sacred text from the Koran. 

Geography, tradition, and the fortunes of war combined to give 
Italy the role of middleman between east and w^t (Fig. 7). jynalfi 
was almost an outpost of Constantinople; Genoa and other cities of 
the north as well as of the south kept some part of their economic 
activity from classicil times; in the sLxth century they were joined by 
Venice, a new town admirably located for an entrepot between the 
cast Mediterranean coastline and the hinterland of central and nor¬ 
thern Europe. In the early Middle Ages Italy took the lead among 
western countries in agriodturc, in the doth industry, and in most 
of the arts of urban life. After the fall of Rome, easterners (known 
collectively as ‘Syrians^) had continued to conduct such fragmentary 
cast-west trade as survived, but the Italians repbeed them in the 
slowly advancing distribution in western Europe of the superior 
products of the east. In quantity, no doubt, die chief trades of 
western Europe w'ere in food—corn, fish, wine, and dairy produce— 
without which the populations of many regions would Have fared 
most miserably; but it was through the Italians that access was ob¬ 
tained to goods of high quality. When trade fairs grew' up, such as that 
of St Denis in Paris which existed by 629, or at Troyes in the ooun^" 
of Champagne, whence the overland route led across eastern France 
to Genoa and Florence, it was chiefly Italian merchants W'ho came to 
buy the raw or half-finished materials of the north. Such fairs, of 
exceptional commercial importance in a generally prumtive economy, 
were becoming numerous about the time when Europe, recovering 
from the Norse invasions, gathered its strength for Crusades. 

Wliat has been said may make it possible to see in better per¬ 
spective the effects that the four main crusades of 1097-1204 had 
upon the material development of the west European society which 
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33 GENERAL HISTORICAL SURVEY 1 

sent them out. On the one hand, they produced some immediate 
flow of booty, new ideas, and trade contacts with the east—the 
words damask, damascening, and muslin recall the industrial pre¬ 
eminence of Damascus and Mosul. But long after the French, 
English, and Geiman crusaders slept in their tombs, economic life 
continued to be influenced by the commercial power which Vem'ce, 
Genoa, and other Italian cities built up at this time in their capacity 
as the business managers of the crusading movement. In 1204 they 
even turned the movement itself into a business, when the Venetians 
arranged for the dethronement of the Eastern Emperor to be the 
main objective achieved by the fourth Crusade, with consequent 
new territor)', plunder, and trade privileges throughout the empire 
for themselves. They were no less ready to take full adv’antage of the 
changes which were taking place in the north, less spectacular but 
more enduring than the Crusades. 

While the arable lands of northern Europe were still being ex¬ 
tended piecemeal, generation by generation, from hard-won forest or 
marsh, Christians had made the discovery that heathen w'cre to be 
found nearer home than Palestine, in lands which would yield a 
ready harv'cst to the plough. By the twelfdi century, the Cistercian 
monks, setting up their Houses—328 in forty' years—‘in the wilder¬ 
ness*, had no apparent difficulty in recruiting lay-brothers to 
serve them in the conquest of forest and marsh. The secular Ger¬ 
man movement was being supponed, too, by the Dutch who, in 
spite of many efforts to reclaim inundated coastal lands, were being 
crowded out and therefore spread along the marshy south shore of 
the Baltic. So began the great drive of the Teuton against the Slav, 
in which arms supported the interests of religion, and migration pre¬ 
pared the way of commerce. Perhaps the heavy plough was the most 
important instrument that the Germans brought into the Slav lands 
cast of the EJbe, where hitherto the soil had been barely scratched 
by the hooked uncus: but the)' also brought in the heavy axe, sheep 
and vines, and the water-wheel. In Silesia and Prussia alone, to say 
nothing of Poland, Bohemia, and Hungary, new villages were being 
founded at the rate of a dozen a year; miners and salt workers fol¬ 
lowed in the wake of the agriculturists. By 1250—while less fortunate 
Slav lands farther east were being laid under the heel of the Mon¬ 
gols—com from Brandenburg was exported to England, and the 
Baltic was fast becoming the second commercial highway of the 
medieval world. 
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THE LATER MIDDLE AGES 

It has been claimed that the High Middle Ages are probably the 
greatest turning-point in the history of civilization in western Europe. 
During the 200 years preceding the outbreak of the Black Death in 
1348, there was a commercial expansion comparable in its pei^asive 
effects to the industrial revolution at the end of the eighteenth cen¬ 
tury. The part which England played in the later revolution was 
played in the former by the Italian states^ it will therefore be con¬ 
venient to take their dominant position as the last feature in a brief 
survey. 

Perhaps the most striking aspect of the age is the growth of ^pu- 
lation, w hich rapidly rose towards its saturation point under existing 
conditions in both England and the Continent, at least west of the 
Elbe. Paris was the undisputed metropolis of the north and rivalled 
in size the cities of north Italy; half of the inhabitants of Flanders 
and Brabant lived in towns. By 1300, pressure on food-growing re¬ 
sources had caused the disappearance of fallow from many parts of 
Flanders and the completion of the dyke system in Holland. Large 
areas, including substantially the w'hole of France, were now sup¬ 
porting the maximum population, about too to the square mile, of 
which mcdic\’al agriculture was capable. It must be remembered 
that the average yield of rj'e and wheat wras then only about 
fold, that of oats and barley rather less than fourfold; stock-raising 
w’as still limited by the shortage of high-quality grasses; and not until 
the fifteenth century did progress in iron-working bring into use an 
additional farm tool as simple as the three-pronged fork. 

As regards industrial techniques, there is a marked contrast with 
the primitive agrarian society of the Dark Ages. The ^eat Gothic 
churches (Fig. 8) w’ere being built, in which sculpted figures gazed 
down from the heights or loomed through the shadows, and the sun¬ 
light streaming through stained glass seemed to shed a spiritual as 
well as a physical radiance. In secular architecture, too, although 
Hungarian nobles in the twelfth century still lived in huts of reed 
and the wooden castle did not disappear from Scotland until the 
fifteenth century, the skill of the masons w-as filling the landscape 
with stone castles. Second to the masons were the millwrights. The 
England of Domesday Book (1086) already ground its com at nearly 
6,000 water-mills; by the middle of the twelfth century windmills 
also had reached Europe, and water-power was being applied to new 
purposes, especially the fulling of cloth. But what w'as probably the 
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most importuit developmentj at leas: as regards Europ^^ ^as a new 
prowess m the mining, extraction, and working of metals. A great 
development of silver-mines took place in Hungary, Bohemia, 
Saxony, and the Harz, and widespread communities of free miners 
also worked the baser metals: Cologne and Dinant, for instance. 
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became famous for bells and other ware of copper and bronze and 
the Meuse valley for its cutlery, hardware, and weapons. 

In the Middle Ages commerce dominated industry, and, as we 
have seen, the Italians dominated commerce. The six fairs of Cham¬ 
pagne, which by the twelfth century ran through the year from 
January to Ortober, and then the three great cloth towiis of the 
Netherlands, were the first centres to which the Italian merch^ts 
came. The route southwards across France ^^as therefore of prime 
importance, though other traffic reached Italy through Alpine passes 
from regions east of the Rhine. Towards the end of the thirteenth 
century, howev'cr, the county of Champagne v^as annexed by the 
French monarchy, whose policy so hampered trade that much of it 
was transferred to the sea: thus the great galley’s of the Genoese and 
Venetians began to undertake an annual voyage from the Mediter¬ 
ranean to the ports of the Low Countries and England, where their 
length nude them conspicuous among the ships of the north. Their 
imitators were the merchants of the Hanseatic league, who, in the 
next century, linked up the ports of the Baltic and the west coast of 
Scandinavia with the markets of Germany and the Low Countries 
and England: their London depot, the Steelyard, was not finally 
closed until 1597. But it is significant that the I^nsa did not attempt 
to sail farther west than Bruges, where the Italian galleys lay. 

Perhaps the t^o best-known facts about Italy in this period are its 
financial hold upon England, to which the names of the florin and 
of Lombard Street still bear witness, and its link with China, initiated 
by the travels of the Polos: the one is a reminder of the bourgeois 
society’ which first emerged in Italy and has influenced Europe to 
this day, the other of the tremendous reach of Ac lulian trade in¬ 
terests (Fig. 9). But Acre were many oAcr ways in which Ac Italians 
already anticipated Ac modem world. The medicine taught at Ae 
university of Salerno was one of Ac principal roots of Renaissance 
science, and the earliest of all survi\’ing naval charts comes from Pisa. 
They were great improvers of land: Ac Grand Canal of Lombardy, 
for instance, irrigated some 80,000 acres. The cloA-making, Ac 
dyeing and finishing of coarser cloths from norAcm Europe, and Ac 
cloA merchandising, by which Acy paid for food imports for an 
ever-increasing population, were conducted by modem business 
methods; as late as Ac sixteenth century’ Ac Fuggers of Augsburg 
went to Italy to ser\’c Acir financial apprentictship. As paper- 
makers, as armourers, as glass-blowers, and as silk-throwers, Ac 
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Itaiiaxis were famous for their advanced techniques, Venice antici¬ 
pated some of the reforms of a later age by a ban on child labour in 
dangerous trades and by the institution of a ThmsoU^ line for its 
shipping. Milan and Venice were able to sustain populations ofabout 
200^000 each, and Florence, Genoa, and perhaps Palermo and Naples 
of about 100,000 each, at a time w^hen not a single big town except 
Paris had arisen in the north—these estimates relate to a period 
just before the Black Death, Moreover, it is fairly safe to say that 
the average standard of life in these great urban aggregations of 
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population was higher than in the mainly agricultural north. As for 
other standards, this was the Italy which had already known the 
lives and writings of Aquinas and Dante. 

Towards the middle of the fourteenth century, how^ever, the 
High Middle Age of Western Europe gave place to a period of dc- 
cUne. The Black Death of 1348 was a social catastrophe to w^hich 
only the world wars of our time provide a parallel—and they, it 
must be remembered, came in an age w hen material losses cart be 
made good at a rate which was unthinkable for medieval man. If a 
third of the population perished in two years, which seems to be 
the likeliest approximate figure, it is easy to understand that agri¬ 
culture, the basis of all other indus:trics, must have suffered a tre¬ 
mendous blow. By 1348 the culdvaied area had reached Limits 
which were not appreciably extended before the period of the in¬ 
dustrial revolution, except in such minor respects as the substitution 
of cultivated meadow^ for much of the old forest pasture in Germany; 
but the ground lost to agriculture through the Black Death took at 
least a centut)'^ to restore. That century, too, virtually coincides with 
the Hundred Years War (i 357 ’'i 4 S 3 )j in which England, and still 
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more France, wasted and exhausted their resources. Thus the 
English customs accounts for w'htch provide our best 

statistical check, show that the increase m doth exports, which was a 
|jy_product of the war, did not compensate for the decline in the 
English export of w ool. A similar decline can be traced in other great 
European industries, such as fishing, miningj and the metal trads, 
with the significant exception of iron and armaments. 

If we look farther south, at the Mediterranean area, w'C find that 
this was entering upon the sunset of its long golden age. ^ The eastern 
empire had never recovered from the period of Latin rule that 
followed the sack of Constantinople in 1304, and which left the 
restored eastern d)Tiast>'' intensely resentful of the outrages it had 
suffered at the hands of the west As its power waned, Venetians, 
Genoese, and others fought to establish themselves as its western 
heirs, without regard to the advance of the Ottoman Turks, whose 
conquest of Asia Minor and much of the Balkans foreshadowed the 
final downfall of Constantinople as a Christian capital long before 
1453. The towns of southern Italy, like those of southern France, 
had long been in decline. Those of northern Italy, Florence, Nlilan, 
and others, as well as the great sea-traders, ’Venice and Genoa, still 
Indeed retained their pre-eminence in industry, commerce, ^d the 
arts. Financially, too, iey were immensely strong, but, like Britain in 
the last quarter of the nineteenth century, they were carried forward 
by the impetus of their past successes rather than by new economic 
achievements. Meanwhile, the rise of Barcelona as acommercial com¬ 
petitor foreshadowed the growth of Spanish power. Still morcsignin- 
cant w'crc the v'ojngcs of the new' Portuguese caravels , which by 145 '*^ 
had reached the mouth of the Gambia, hcadingTor the Indian Ocean 
and the interception of that eastern trade which, carried overland, had 
confirmed the Mediterranean and its cities in their long ascendancy'. 

THE RENAISSANCE 

The opening-np of the ocean routes to trade and conquKt by 
Europeans, which begins with the rounding of the Cape of Gwd 
Hope by the Portuguese Bartholomew Diaz in 1487, is only the last 
and perhaps the most dramatic of a cumulative series of change. 
Of these, the introduction of printing to Europe about 1450 is by 
far the most significant; the rapid spread of what was known as the 
^German art—hv 1500 there were a hundred German presses in 
Italy and thirty' in Spain— shows us a Europe w hich was now npe 
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for an immense development. Both the artistic achievements of 
the Renaissance and, still more, the technology and craftsmanship 
on which the architect, the sculptor, and the painter depended, 
could be described in print* Interest in the work and viewpoint of 
the ancients, from which the Renaissance derived its first inspiration, 
had been slowly growing through the later medic\'al centuries* The 
mind of the age was now ready to turn from imitation to creation 
and from humanist studies to independent sdentifiG inquiry. 

The enormous and enduring impact that all this had upon western 
Europe as a whole was largely the result of the new* means of diffus¬ 
ing knowledge. This is important above all for the histor)' of tech¬ 
nolog)', because the Italian geniuses of the Renaissance rose superior 
to the ancient snobbeiy' which had despised the base mechanic arts. 
It must suffice to mention the names of Verrocchio, sculptor and 
anatomist, silversmith, engineer, and lapidary; of Alberti, with his 
interest in the whole of applied science; of Michelangelo, defending 
Florence by his skill in the art of fortification; and, above all, of 
Leonardo da Vinci, who investigated the ultimate truths of mechanics 
while condescending to such inventions as a practical marble saw 
and a machine for making ropes. At the same time, printing en¬ 
hanced the need for a sj-stem of patents, which was first introduced 
at Venice in 1474* From there it spread to Florence and other 
Italian states, and it was for the most part Italian glass-makers 
(p* 109) who in the following century carried the practice into other 
parts of Europe* In England, where the first patent dates from 155^1 
their abuse by the Crown for the issue of money-raising grants of 
monopoly led to the important Act of 1624, which swept away the 
abuses but left the Crown free to grant exclusive rights under letters 
patent for not more than twenty-one years to *the first and true in¬ 
ventor or inventors of manuractures\ Thus England, and after 1707 
Scotland, began to give a clear legal incentive to inventors, while 
other states, including those of Italy in her decline, often awarded 
cxclurivc rights on a basis of princely favour rather than for tech¬ 
nical inno\'ations* 

A decline, from which the homeland of the Renaissance has never 
wholly recovered, dates from the Italian wars of France and Spain, 
which lasted for two-thirds of a centur)'. The fact that Charles VIII 
of France in 1494 launched the earliest of these successive invasions 
of I^y w ith what has been called the first modern army, excellently 
equipped with artillcr)', is a reminder that the introduction of ex- 
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plosives in is'a.rfsrc is ^ second tcchnologiGil chsugc chsiLracteristic of 
this period (Fig. lo). But the gun, unlike the printing-press, was 
slow to develop its full efficiency: cannon were fired at the battle of 
Crecy in 1346, yet the boiv was not finally and officially discarded as 
an English w eapon until 1595* The development of the new arm was 
closely rebted to the growth of mining and the metallurgical indus^ 
tries, progress in w'hich gave to central Europe, and south Ger¬ 
many in particular, a oounter- 
w'eight to the achievements of 
the Renaissance Italians farther 
south. It was the more intense 
exploitation of silver-mining, 
by which the German supply 
wTis approximately quintupled 
hetw^cen 1460 and iS3^i 
made the Fuggers of Augsburg 
the richest family in the west¬ 
ern w'orld. Similarly, the metal¬ 
lurgical works described at this 
time by the German Agricola 
(p. 140) represented record cun’* 
centrationsof capital and labour 

in single plants. t w* 

Agricola (Georg Bauer) was bom two years after Columbus s dis- 

coveiy of America had opened up vast neiv fields for Europein c*- 
ploitarion, of which the instruments were not only the ocean-^ng 
ship and new navigational equipment, but the cannon, the flintloclc, 
and the improved cuttingHtdge of western steel. In two genera¬ 
tions navigators under Spanish and Portuguese auspices circled 
the world, organized the rich trade routes from the tar East, Md 
overthrew the empires of the Aztecs and the Incas. The tmmediate 
consequences were impressive. New foodstuffs and new raw matenals 
poured into Europe, while an awareness of far horizons also pvc an 
incalculable stimulus to the life of the intellect and the imagination. 
In addition, there was the tremendous impact of the treaspe seized 
in the conquest or won later from Peruvian and Mexican mines. 

Between itai and ififio the official Imports to Spam were ZM tons 

of gold and 18,000 tons of silver; this completely swamped teth 
the European output, which declined after 1550, and the supply from 
.\frica With some help from deba.semcnt of currency, such as was 
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practised ifi England by Henry' VIII and Protector Somersetj the 
spread of Spanish treasure across Europe occasioned a price revolu¬ 
tion lasting until about 1650. In thesecond quarter of the seventeenth 
centuiT, vi'hcat prices m western and central Europe were more than 
four times what they had averaged a hundred years before. Thesteep, 
persistent rise in prices caused much distress to individuals, but the 
tendency for wages to lag behind offered a great incentive to in¬ 
dustrial expansion, such as was experienced, for example, by Eliza¬ 
bethan England. In Spain itself the lag was smaller than elsew here 
and the expansion correspondingly slower, yet tj'pical industrial 
cities there are knowTi to have doubled their population betw'ecn 
J530 and 1594, w hile the Spanish-ruled port of Antwerp soared to 
its zenith as a w'orld market before the outbreak of the religious 
struggle in the Netherlands in 1566. 

However, the states of the Iberian peninsula did not retain their 
leadership for long. Portugal, with a smaUer home-base and popu¬ 
lation than Spain, fell rapidly from the position she had held in 
the Pope purport^ to divide the world of the new dis¬ 
coveries cast and west between them* By J54D her blockade of the 
Red Sea, which secured the monopoly of the spice trade for the route 
round the Cape of Good Hope, was proving ineffective, and pepper 
and other eastern goods were again entering Europe from the eastern 
shores of the Mediterranean, to the profit of Venice and other Italian 
and French ports. Forty' years later, Portugal and her empire of the 
east became absorbed (until 1640) among the possessions of the 
Spanish Crown. As for Spain, her Golden Century was directly 
followed by a century of decline, marked by shrinkage of population 
waning mdustrics, and financial instability-, w hile the voyages of 
Columbtis and Magellan, the campaigns of Cortw and Pizarro sen-cd 
the rise of other, mainly heretical powers. 


THE EMERGENCE OF THE MODERN WORLD 

Spain had been m the ibreftanc of the retigious wars, which beean 
when the Remasance helped to kindle the spark of the Lutheran 
Reformation m the Germany of Charles V and were seen at their 
fiercest in the Spamsh Neihcrlands, which became irremediabJv 
spilt between a largely Calvinist HoiJand and a CathoUc Spamsh 
province the future Belgium, with its port of Antwerp now deciin- 
ing. By 1600 the Dutch had virtually won their independence- at 
about the same time, their feflow-aivinists, the Huguenots of 
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Frmccj at the end of nine hard-feu ghr campigits had become the 
beneficiaries of a religious truce. The struggle was beginning to lose 
its religious characicrj though the fate of the Reformation in Germany 
remained to be determined in the Thirty Years War of 161S-4S. 

In technology, these wars produced no important advance, though 
the intervention of the Swedes in Germany under Gustavus Adol¬ 
phus, with mobile field artillery and superior muskets, is a reminder 
chat the little-know n land these Protestant champions came from 
was rich in iron and copper, If in little else. But a striking fact about 
these wars and the bitter struggle of ideas of which they w^cre the 
outcome is that they did not prove incompatible with a simultaneous 
growth in population and wealth. After the great setback of the Black 
Death, the population of Europe had begun to rise again near the 
end of the fifteenth century; by 1600 it is believed to have totalled 
95 millions and by 1700, 130 millions, the rate of growth having 
slow cd down at about n^id-centur)^ In the histojy' of individual 
countries the evidence of economic progress, which does not neces¬ 
sarily accompany the rise of population, zs likcw^isc considerable. In 
England, for example, Henryk VIlPs dissolution of the monasteries, 
which made land readily available to the entrepreneur, coinciding 
with the start of the steepes:! phase in the rise of prices, marked the 
beginning of a period of rapid dev^elopmcnt in mining, glass-making, 
soap-boiling, and other industries^ The civil wars interposed a serious 
check, yet by the time of the Revolution of 1688 the annual coal output 
—a most significant item—was approaching 3 million tons, a fourteen- 
fold increase in 140 years^ In France the religiotis truce of 1598 was 
follow cd immediately by the great Improvements in agnculture, 
communications, and commerce associated with the names of Henry 
IV and his minister Sully. In the Netherlands a population of less 
than 2^ millions established the one new' state of the period on a 
basis of commercial w ealth, accumulated during their struggle for 
independence. In shipbuilding, the carrying trade, the organization 
of entrepot markets, and the adaptation of new ideas to industn.', 
the Dutch now kd the wwld. Even Germany, which was fought 
over so fiercely and so frequently, seems to have suffered its worst 
losses from the shifting of the European trade routes, and retained 
sufficient energy and resources for the port of Hamburg to rise 
Immediately after the Thirty Years War, 

The second half of the seventeenth century bears the stamp of the 
monarchy of Louis XIV, w ith his palace of Versailles as the cynosure 
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of kings and courtiers in every land, and his minister Colbert, striv¬ 
ing Co harness all industry and commerce to the sendee of the state, 
as the exemplar of political wisdom. But the excdlcncc of Gobelins 
tapestries and all the skills ifvhieh spread from France with the ex¬ 
pelled Huguenots in 16S5 must not blind us to the solid, if some¬ 
times more humdrum, accomplishments of the tenacious bourgeois 
societies of England and the Netherlands: three x\ngIo-Dutch war^ 
produced no decisive result, but as allies the two countries proved 
able at length (1713) to impose their will even upon the ^ng of 
France. This was the age of Russians first effective contacts w'ith 
the more advanced technology of the w est, when Peter the Great 
paid his famous visits to the merchants of Amsterdam and the ship¬ 
wrights of Efeptford, It was also the age in which a more advanced 
technology was making some tentative contact with science, and if the 
Royal Society' in Lon don had its counterpart in the P'rcnch Academy of 
Sciences, founded by Colbert, and some older continentat institutions, 
such as the Accademia dei Linoei in Italy {1603), there was no equal 
to Isaac Newton, Soyaging through strange seas of thought alone\ 

We must, however, beware of the temptation to ovenstress the 
begintiings of the rapprochement between science and technology 
because of the immense importance of its consequences in our own 
day. The rise of the scientific spirit was a notable feature of the 
Renaissance: men no longer accepted without question the opinions 
of the ancients about the universe and the laws governing the 
natural w'orld; dogma was subjected to experiment, and when it 
failed to sundve the test at was rejected and new theories were formu- 
bred. Thus science in the modem sense was bom, and rapid pro¬ 
gress was made in mathematics, physics, chemistry , and biology. 
But the immediate consequences for technology' were confined to a 
few specialized fields; in the main, technological progress still depen¬ 
ded upon the use of empirical methods by practical men. On the 
whole, up to 1750 science probably gained more from technology 
than vice versa. Among the notable exceptions, which we shall con¬ 
sider in later chapters, were the naWgacional instruments that played 
so important a part in the great voyages of e.xploration and in sur¬ 
veying and cartography; the application of the principle of the 
peudidum to time-measurement; and, particularly, the growing 
cxploitadon of chemistry. 

However, the new outlook on natural phenomena was only one 
mamfestation of a healthy scepticism: technological processes which 
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often had changed very little for centuries were careftiHy scrutinized 
to see what improvements could useftiUy be made- The Royal 
Society^ founded in 1660 to further the investigation of natural 
phenomena by observation and experitnent, in its early directed 
at least as much of its attention to the improvement of existing am 
and industries as to the adv-ancement of fundamental scientific know¬ 
ledge- Among the Societ)''’s early activities was the founding of 
GreenViich Observatory in 1675 for the strictly practical purpose of 
* finding out the longitude for perfecting na^^gation^ 

Only tw^o generations separate the Newcomen ^fire-engine', which, 
as we shall sec (p, 513), owes something at least to the experimental 
study of atmospheric pressure by the members of the Royal Society 
and their confreres on the Continent, from the much more effective 
steam-engine of Watt. Meanwhile, the political scene had changed 
from the demolition of French ambitions by the Grand Alliance of 
Britain, Holland, and Austria at the Peace of Utreebt (1713) to the 
consummation of those of Britain at the Peace of Paris (1763). The 
Britain which conquered Gmada and Bengal was drawing tap idly 
ahead of a stadonaiy Holland, handicapped in raw materials and 
population j .Austria, to which the Spanish Netherlands had passed, 
w^as no^er a serious commercial ri’val; and France was the enemy 
Britain had just defeated in both hemispheres* 

Nevertheless, it is a mistake to regard the reigns of the first two 
Georges as a period in which Britain w as staking out a kind of ad¬ 
vance claim to the benefits of the more rapid technological progress 
of the following era. Indeed, if a contemporary could have grasped 
our concept of an impending industrial revolution, he tvould have 
seen some good reasons for anticipating its first location elsewhere 
than on British soil France, w'ith a population three or four times as 
great as Britain, continued to have a bigger output in cotton goods 
and iron; in the building of mcn-of-w-ar, where interest was equal, 
French technique was so far superior that a fift>'-two-gun French 
ship was reckoned as practically equal to a British ship of seventy 
guns. Russia w'as smelting more iron than Britain, to say nothing of 
Sweden, then the leading European iron-maker as regards both 
quandtv' and quality. Holland was still the main creditor nation and 
was a great source of British agricultural improvements; and it wus, 
again, from Dutch sources that the Scottish universities mainly 
derived their progress in medicine and chemistry. Societies for in¬ 
dustrial improvement, which had sprung up in London, Birmingham, 
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and Mandiesier by the middle of the century, had their counterparts 
in Pans and Hamburg. France vied with Britain in the development 
of lighter textiles, intended to please sophisticated urban and distant 
tropical markets, such as those of the Far East. As for total exports, 
while those of Britain rose from £% million to ^15 nuliioa a year 
bet^veen 1720 and 1763, over the longer period 1716-S7 the total of 
French foreign trade increased almost as rapidly as our own. 

UTiat were the factors that already marked Britain, rather than 
any other European country', as the destined first home of the in¬ 
dustrial revolution? The answer lies partly in things remote from 
technology, such as the religious freedom which brought in the 
Huguenots and other refugees with their numerous arts and en¬ 
couraged the native Puritan capitalist. There was the confident atti¬ 
tude natural to an island people that had ceased—except for a few 
breathless weeks in 1745—^to reckon seriously with the prospect of 
invasion. The island possessed a valuable stimulus to trade in its 
long coastline and frequent navigable rivers: how important the 
latter were in all question!; of inland transportation can be judged 
by the fact that an army of this period on the Continent was not 
expected to operate more than fifteen miles from a river bank. 
Moreover, the Act of Union in 1707 had made Britain into a single 
economic unit long before any other area of comparable wealth and 
resources had ceased to be divided by numerous customs barriers. 
But even with the addition of the Scots, the smallness of the popu¬ 
lation as compared with the French gave at the same time an impor¬ 
tant incentive to the use of labour-saving devices. 

Lastly, there w'as the plendfulncss and accessibility of coal in the 
island, where it was used increasingly, as the supply of native timber 
diminished, for both domestic and industrial purposes; only in the 
case of iron had the difficulty' of applying the new fuel in general 
restricted output, and that restriction was beginning to disappear. 
Since 1660 the mines of Britain had been producing five times as 
much coal as all the rest of the world. What country', then, could 
hope to rival her in the development of a new form of power w’hich, 
unlike the watet-miU or even the windmill, could be made ubi¬ 
quitously and unfailingly available, but only to the owner—or pur¬ 
chaser—of coal ? The Age of Steam began slowly', but for a century 
or mote its various applications to manufactures, transport, and even 
agriculture served to enhance a Bridsh industrial ascendancy without 
parallel in the earlier history of the w'Cst. 
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DOMESTICATION OF ANIMALS 

T he transition from food collection to food production, which is 
characteristic of the Neolithic stage in human history (p. 5 )» 
was the result of a fundamental advance—it might almost be 
said, the fundamental adv’ance—in technology. Every other use 
which we have learned to make of the material universe depends upon 
our ability to produce food for a given population by means which do 
not of themselves entirely exhaust the energy and time of that popula¬ 
tion. Man as a hunter had no such surplus; it was man the keeper of 
flocks and herds and cultiv'ator of the soil who first accumulated the 
surplus that has always been the basis of all civilization. In anrient 
and modem times alike, the dietary of man the producer has derived 
both directly from his crops and from the flesh or milk of animals 
to w'hich, in most cases, he feeds a part of the crops he grows: the 
proportion of food taken from these two source \aries greatly both 
between and within different communities. Although t^ inter¬ 
action of crops and herds dates from the Neolithic stage, it will be con¬ 
venient to consider the domestication of animals first, both because 
it began a little earlier than agriculture, and, more important, be¬ 
cause its main technological history was much earlier completed. 

Since domestic animals are a source not merely of food but of 
industrial materials, means of transport, power resources, and pro¬ 
tection for man, it is easy to exaggerate the purposefulness of early 
contacts. In the eyes of the primitive savage the only valuable 
animal was a dead oner nc\'ertheless, the taming of some animals by 
man was a natural result of coexistence. There lived in the ^me 
regions of the earth as primitive man ammals that w ere unlikely 
cither to exterminate him or to be exterminated by him. In certain 
cases, notably the dog and the pig, animals had an interest in 
attaching themselves to primitive man as scavengers: they found a 
ready food supply in rejected offal and scraps from carcasses, husks, 
and fruit skins, and whatev er was lost or discarded when man moved 
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on. Conversely^ rnan as a hunter wight leant the usefulness of an 
animal through its urtintentional co-operation—the pack of wild dogs 
drising game mthin reach or the hind near the camp attracting stags. 
As for how cxpcnwents in domestication are likely to have arisen, 
the dog is only one particularly good example of the many animals 
whose young, in the absence of their mother, are easily caught, fairly 
easily reared, and—to begin wnth at least—harmless, entertaining, 
and docile* In the case of the reindeer, w here the distincriort between 
wild and tame remains in modern times comparatively small, its early 
domestication can be attributed to yet another factor i man s natural 
functions made him a provider of the salt which was lacking in snow¬ 
water but a\'ailable around human settlements. 

Whatever tentative steps towards domestication had been taken 
i^lier, particularly as regards the dog, which could be used in the 
chase, NeoHthic agriculture provided the first big inducements to 
experiment w ith the taming of other animals on a larger scale. The 
new settled abodes of mankind made it easier to protect stock and so 
to derive full benefit from its multiplication. Fallow ground and 
stubble were good for grazing, and it was not a big step for man to 
take front the grow^'mg of grain for himself to the grow'ing of easy 
fodder crops for his cattle* In addition to their milk and their flesh, 
the sheep, the goat, and the ox provided material for clothing, 
shelter, and containers. From the use of the dog to assist man’s lep 
as a hunter, it was not a ver)' big transition to the use of larger ani¬ 
mals to save man’s back as a burden-bearer. From general burden- 
carrying there follows both burden-pulling and the carrying of a 
special burden—man the rider* *411 these uses of the domestic ani¬ 
mal belong to a remote antiquity; and the same is true indeed of bis 
less work-a-day uses as an object of worship and as a pet, in both of 
which capacities the cat figured prominently in ancient Egypt, pro¬ 
moted thereto from his original task as a guardian of corn-bins. It 
is therefore possible to make a single general sur\'ey both of the pro¬ 
cesses of domestication and of the field of animal Hfe w hich it covers* 
The domestication of any particular spedcs of animal must have 
begun with a phase in which the taming was so casual and partial 
that interbreeding with die wild form remained common* When the 
domesdc stock became fully separated from the wild and bred within 
Itself, its appearance underw'cnt modificadon and gave rise to a dis¬ 
tinct domestic breed. Hence the distinctive breeds of sheep, cattle, 
and pigs which Neolithic migrants brought with them into Europe* 
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Then began the sdU-continuing phase of conscious control of b reed¬ 
ing in the hope, not always fulfilled, of developing the most 
characteristics: the enormous \'ariet>' of dogs tlut has been evolved 
is a striking example of the results of interbreeding within a species. 
For a rime, the object of producing more productive cattle and fiercer 
watchdogs may have been sought by allowing interbreeding with 
wild specimenij but it was soon found that dependable qualities of 
colour and shape, strength and speed, and superior yields of milk, 
wool, and mcat^ were mainly to be achleii'ed by the establishment of 
standard breeds. In the Near East this stage had already been reached 
5,000 years ago, and as the differentiation from the wild specie ot 
the same animal became more marked, any interbreeding with the 
latter came to be regarded as a serious disad\'antage. 

In the final stage, the wild species might dwindle or even disap¬ 
pear. This might be pardy the result of changes in environment ^d 
food supply, produced naturally or by the wor^ of man, a^nsi 
which the domestic spedes was protected artifidaUy* Partly also 11 
could be the unplanned consequence of indiscruninate hunting, such 
as destroyed the millions of bison on the great .American plains less_ 
than a hundred years ago. There are also a few' known ii^tances of 
deliberate extermination in the interests of the domestic breed, par¬ 
ticularly in the case of the highly mobile, and therefore troublesome, 
wild horse: thus the tarpan was exterminated by the pea^ts ol 
south-eastern Europe because thdr mares eloped with the wild 
stallions. Farther north, the last wild horses in Poland were caught 
and handed over to the peasants in 1812, while the nomads of 
Mongolia are said to have absorbed within quite recent years the last 
tiny herds of wild horse, each only ten or fifteen strong. In our ow n 
times the elephant appears to be the only animal which man still 
uses—though no longer in Europe—as an important beast of bur¬ 
den without the domestic herds having become altogether more 
important than the wild. In this case, however, ^e domesne stock 
is still directly dependent on the wild for replenishment, since the 

elephant generally fails to breed in capdvi^'. . 1 

Cave^remains provide some confirmation for an order of domestica¬ 
tion that would seem Hkely on theoretical grounds. Scavenger 
came fin^t, for reasons which have already bi^n mdn^ted, and 
gives pride of place to the dog, and, m the carhst penod, the jackal. 
Next there is the group of animals which m ^cir wild state c^ry out 
a seasonal migration, and which may, therefore, have been brought 
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in some degree into relationship with man while he himself was still 
a nomad. This group includes the reindeer, the goat, and the sheep. 
The domestication of cattle, however—which requires, in its iniml 
stages at least, a settled life^^belongs certainly to the period of 
agriculuite, when domestication of the earlier spedes would also 
have become much more common. This was, too, the period when 
the honey-bee, which down to modem times provided the main 
sweetening-agent in tnan^s diet, was first induced to take up its resi¬ 
dence in steps made from the straw of the har\ est. The last group is 
made up of the animals domesticated primarily for transport, in¬ 
cluding the ass, the horse, and the camel; the horse and the camel 
seem to have entered man's service last, their use being virtually 
unrecorded before the second millennium n.c. 

But from that time lo this the development in this technological 
instrument has been, in most respects, extraordinarily small On the 
one hand, it is difficult to find any big new use of domesticated ani- 
ii^^_unless we count as such their evcr-increasing importance to 
modern science for experimental purposes. On the other hand, the 
range of species chosen for regular domestication seems to have 
contracted rather than expanded. The rabbit warren on the medieval 
manor, hke the fur-farm of the present day, has not effectively 
added to the list. On the other hand, in 2500 b.c. the Egyptians 
apparently made domestic use of such animals as gazelles, ibexes, 
and antelopes; tamed montej's; and fed hyenas for the table, like 
Strasbourg geese. Great progress has, however, been made in modem 
times in breeding for required purposes, such as the provision of 
meat, milk, pelts, or tractive power. To this aspect w’c shall return 
bter (Ch. 24}. 

ORIGINS OF AGRICULTURE 

The cultivation of plants, like the domestication of animals, must 
undoubtedly have had some accidental beginnings in the camping 
places of primitive man. Seeds and roots from vegetable spoil w hich 
he had gathered and brought home must often, under favourable 
conditions, have been seen to germinate and sprout; there may 
sometimes have been a return to see what might have sprung up, as 
if by magic, at some former camping site. But the systematic culti-^ 
vation of the soil depended upon an awareness of the processes of 
nature and their seasons and the choice of a suitable area, such as 
nature provided in the great river vallej's of the Near East, for a more 
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or less delibera^e act of social experiment* The resok was the secur- 
ing, save in bad seasons, of a far bigger surpins food-supply than 
man the food-gatherer or tentative domesricator of animals could 
have dreamed of—the food-supply which launched the Neolithic 
revolution. 

Agriculture in its simplest forms involves the clearing and break- 
ing-up of not too arid surface soil; the sowing and covering of the 
seed; destruction of w'eeds and the conservation or application of 
water during the growth of the crop; and, after harV'CSting, the safe 
storage of the crop and the setting aside of seed for the next season. 
Virgin soil might be found and used for each crop ^die practice 
known as *extensive^ agriculture—but as soon as it became neces¬ 
sary, or convenient, to tiU the same ground year after year, deeper 
cultivation was required to delay exhaustion. Hence the fundamental 
invention of the plough, though its full development came when men 
had to wrestle with the heavy' soils of northern Europe. In Meso¬ 
potamia and Egypt the most important problem wus that of supplying 
the soil with water* 

Though tillage and irrigation were arts in which man developed 
his new technical skill, W'hai had to come first w'as the choice of 
plants on which to practise them* A list of those used in prehistoric 
Europe is astonishingly varied, including industrial as well as food 
plants, and among the latter are a good many varieties that arc 
nowadays ignored* Green and root vegetables are too perishable to 
leave many traces in the archaeological record, but their quick growth 
makes it tolerably certain that they were cultivat^ early. Fruit, 
which takes several seasons to become established, is likely to have 
been cultivated rather late, but evidence of figs, apples, pears, and 
small plums is to be found at late-Neoliihicsites in Europe. Nuts had 
certainly been important as a gathered food from the very' earliest 
dayst the walnut w'os brought into northern Europe from southern 
climates such as that of Greece, W'here it was first cultivated on a 
large scale* In the hazel-nut we have an example of a tree of which the 
fruit has been eaten since Mesolithic times at latest, but which has 
even now barely entered the stage of cultivation. nuts may be 
grouped the oil-bearing seeds, ranging from those of flax and the 
opium poppy and the sesame of ancient Mesopotamia to the olive- 
tree, which spread from the eastern shores of the Mediterranean to 
make its home also in Greece, south of France, and Spam. 

The cultiv'ation of oil-producing pknts became especially importaut 
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because it provided mankind viith a far larger supply of oils and fats 
—indispensable as a foodstuff and highly valuable also for certain 
indusines and as an illumiiiant—than could possibly be produced 
through the domestication of animals. 

There remain the two great stand-bys of man^s laidefi the pulses 
and the cereals. Both crops are easy to cultivate and easy to store; if 
the spread of the pulses may be connccicd with the fact that diis is of 
all the crop-plants the one with the largest number of species^ the 
cereals present a picture of few species very widely distributed. 
Beans, peas, and lentils ha^ie all l«en cultivated in Europe Eom 
Neolitliic times, and pulses, particularly in the form of the soya 
bean, continue to provide the main protein food for whole popu¬ 
lations in the Easttoday^ But cereals have become the most important 
crop of all, and it is therefore of Interest that a primirivc tt^e of 
wheat and tw'o-row' barley are both found at one of the earliest agri¬ 
cultural sites—Jarmo, in north-eastern Iraq—in a Neolithic deposit 
dated at about B.c. The six-row t)'pe of barley came later, from 
the Far East, but both forms of barley entered Europe together, 
along with primitive tj-pes of wheat. Rye, a common weed of the 
wheat field, largely took the place of wheat in the north when a 
worsening of the climate at the end of the Bronze Age drove the 
wheat southwards. Weed is a relative term, howe^'cr: the stomach- 
contents of an Iron Age man, whose body w^as preser\-ed in a Danish 
bog for 2,000 years, show that he liad eaten at least a dozen of our 
commoner weeds, some of W'hich w^ere once cultivated and all of 
which may w^ell have serv ed to make his cereal porridge less monoto¬ 
nous in taste and more nourishing in content. Oats are native to 
Europe, and in northern regions climatic conditions render them the 
most dependable cereal crop. This is a fundamental factor de¬ 
termining local patterns of agriculture, since farmers grew w^hat 
experience had shown to be best suited to their particular soil 
and climate: other requirements were imported, as trade routes 
permitted, from regions more favourable to their production. 

There is the same uncertain dividing-line between weeds arid use¬ 
ful plants in the case of industrial crops. Flax, cultivated originallv 
for its linseed oil, was being grown for textile use in both Mest^ 
potamia and the Nik valley by about 3000 B.c We think less readily 
of the part which the nettle played as a fibre plant, though in fact 
nettle-cloth was still being made in Europe at the time of the First 
World War. 
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Culdv-ation proceeded for a Jong time by trial and error^ many 
kinds of Crop and different methods of growing it being tried until 
the few best came very slowly to predominate ^ The establishrncnt of 
regular crops produced the first big surplus [ the surplus in turn gave 
rise to the specialist (p. 6)^ the existence of the specialist to the 
specialization of agriailtural tools. 

There is a sense in which agricultural Implements precede agri¬ 
culture. 'JThus the reaping knife or sickle w'as developed origmaUy 
for the cutting of wild grasses. In Mesopotamia it was made of baked 
clay^ in Europe the most pririutivc form had handles made of 
antlers, grooved to take overlapping flint flakes; but the commonest 
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form, as we might expect, had a short wooden handle holding either 
flint teeth or a single sharp piece of flint* Moreover, the ground and 
polished stone celts—the axes and adzes of flint and other stones that 
are characteristic of the Neolithic stage—had their place in a hunting 
economy as w'eii as in an agricultural one. The improved axe, with 
w'hich farmer began, his long task of clearing the European 
forests, must also have helped In the chase. The adze, which we 
think of as a w^ood-w orking tool, was used by early cultivatoi^ also as 
a hoe. 

The coume of development can be traced most clearly in Eg^t 
(Fig, ii). In the earliest times the ground was roughly tilled with 
a hooked branch of w ood, but a two-man hoe be^e a plough, w ith 
one man pulling on a rope or thong in front, while the other pressed 
the point of the hoe into the ground behind* The deeper the plough¬ 
ing, the slower the exhaustion of the soil* When the pull came to be 
provided hy oxen, handles were introduced so as to drive the point 
properly into the ground, though It still had to be broken up in 
advance hv hoe or mallet- In the second millennium q.c., however, a 
stronger ploughshare of wood or stone came into use, and a double 
yoke passing over the horns of the oxen was bound firmly to the 
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shiift; this gave a very much more powerful tool* Seed was often 
sow'n broadcast in front of the plough^ which covered it^ or was trod¬ 
den into the newly made furrow's by sheep or goats driven over the 
field ■ flax, how'ever, was sown carefully along the furrows to mate 
the pulling easier harvest-dme. As for the harvesting implement, 
the straight reaping-stick developed into a rounder and sharper 
sickle of copper or bronze. 

IREIGATrON 

The methods of early agriculture might be dismissed as being 
maizdv of archaeological interest, w'ere it not for the advanced tech¬ 
niques that were de\'eloped in the great river valleys to feed water to 
—--- the crops. It is possible chat man 



as a food-gatherer early learned 
to encourage the grow ih of wild 
plants by splashing water on to 
the banks of a spring or stream; 
it is oeirain that the shaduf, stili 
widely used, w’as being employed 
to water the dare palms and 
vines, the vegetable plots and 
flower beds of the Eg>'prians in 
the second miUeimium u.c 



from A tomb it Tiuebci, r. 1500 b.c. flower beds of the Eg>'prians in 


The shaduf (Fig. 12) is usually made by erecting two pillars, some 
5 ft or more high, joined near the top by a short beam. Over this a 
long pole is balancedi, which has at one end a vessel to hold water 
and at the other a counterpoise* A man standing at the water*s edge 
Alls the receptacle by dipping, raises it, and empties it into an irriga¬ 
tion channel. With this device a man can raise about 600 gallons to 
a height of 6 ft in a day. Rather later, shadufs w'cre arranged in series, 
of w'hich aU except the first dipped into a trough filled by the pre¬ 
ceding shaduf. Their first serious rival was perhaps a continuous 
chain of buckets—such as was apparently used to raise w'ater from a 
w'ell beneath the famous Hanging Gardens of Babylon* TTie ox-driven 
water-wheel, which can irrigate half an acre a day, is not knowTi to 
have been in existence before c, 200 B*C, when the use of gearing to 
link a vertical shaft to that of a horizontal wheel became established. 
Men must have dug for water in early times as the bedouin srijl 
dig In *\rabia, deepening a hole in a likely place until either the water 
IS found or patience is exhausted. For a permanent w ater-hole there 
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w ould be 1 lining of rough stone or ocher hard material and probably 
a rope and tackle erected over the month of the well, so that the 
water could be drawn by a downw^ard haul. Since 1500 n.C. at latest, 
such tackle—and the shaduf—has often been equipped w ith a simple 
pulley. WeUs in the wadis were not usually more than 15 ft deep; 
in cities they often w'ent deeper, and at Nimrud excavation of the 
Assyrian palace of the ninth century B.c. has revealed a well, still 
holding water, more than 300 brick cour^ deep. But it seems likely 
that deep wells were first dug by percussion drilling w hen the ancient 
Eg^'ptians, in their efforts to exploit the desert oases, discovered the 
possibility of making an artesian wrell; that is, one in which the w'ater 
is forced upwards from a deep bore-hole by its own pressure. 

The consen-ation of water by damming occasioned some of the 
earliest of the surviving largc-^eale worla of man. The Orontes 
valley in Sjxia has a stone dyke miles long, dating from about 
the year 1300 B.C.; an Assyrian dam above Ninwch still stands in 
part at a height of nearly 10 feet. There arc afeo innumerable re¬ 
mains of cement-lined tanks and stone cisterns used for storing 
water, including cisterns hollowed underground in the rock^ to 
diminish evaporation, not to mention traces of vast engineering 
structures, such as aqueducts and undcr^ound conduits of stone or 
baked clay, which brought water to the cities (p. 163), often from con¬ 
siderable distances. 

In Egypt and Mesopotamia alike the main problem of settle¬ 
ment in the great valleys w-as irrigation. The annual rise of the Nile 
between July and September is an event at once so punctual and of 
such paramount importance that the making of the relevant calcul^ 
tions as to date and height were two technical functions w'hich 
largely gave the priesthood its power. Menes, thc^ legendary first 
pharaoh, is supposed to have dammed the Nile, history", however, 
cannot identify' the moment at which man first attempted to re¬ 
tain the life-giving waters with a barrier of stone and mud. The 
system that evolved was the division of the cultivable area of the 
v'ailev into rectangular basins of betw'cen z,ooo and 4^,000 acres 
apiece, which were fed with water from the annual inundation by a 
system of sluices. Each of them in turn was flooded to a depth of 
from 3 to 6 ft, the water being held for a month or more to saturate 
the soil, after which the surplus wws drained off to a lower level and 
returned eventually to the Nile. Areas to which the flood water would 
not flow naturally w'cre fed by a system of canals. 
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The Tigris and Euphrates presented a different problem from the 
Nile, requiring a difTercnt soLution. Their flooding is both dangerous 
and irreguJar; the Tigris rises before the Euphrates, which carries 
mice as much water and recedes more rapidlj^; and between them 
they carT>' five times as much sediment as the Nile, which choked 
the canals, xMorcover, the flood ends at the bcguining of the hot 
season, so that it Is not enough to soak the ground thoroughly 
once, as in the Nile valley. Agriculture depended therefore upon a 
system of constant irrigation. 

The lower ^-alleys of the Tigris and the Euphrates were inters 
sected by a series of large canals, the most famous of which, the 
Nahman, was 400 ft w'ide and probably more than 200 miles long. 
From them the water passed through feeder-canals into a network 
of smaller water channels and irrigation ditches, and from these last 
a trickle of water would be run into a single plot at a time. To main- 
tain a flow through the system the mam canal must have had its 
water-level a little above general level of the land, and its flow 
must have been so regulated that it would neither wear away the 
banks through excessive speed nor become choked with silt and weeds 
as a result of sluggishness. At their heads, the canals depended upon 
great brick-built barrages and river weirs. Besides the use of brick 
and of recd-matting to strengthen banks of alluvial mud, the main 
requirement for constructing this vast irrigation system was a mass 
of workers equipped w'iih picks and shovels. The countryside there¬ 
fore flourished vvhen a strong ruler like Hammurabi could compel 
each district to carry' out its due share of such work, as his letters 
show' he did, and the laws enforced a meticulous respect for the 
irrigation rights on which the x'alue of the closely-defined landed 
prope]^ depended: Herodotus reports that, though it might sound 
incredible, the Babylonian farmer commonly obtained a yield of 
200- and somerimes 300-fold on his com. But a water system so 
elaborate and so rewarding w^ also extremely vulnerable: it is said 
that the Land of the Two Rivers has not yet recovered from the dis¬ 
repair into which the canals feU during the Mongol invasions of the 
thirteenth and fourteenth centuries a,d, 

growth of tillage in EUROPE 

Irrigation was the dominant factor in the agriculture of Mesopo¬ 
tamia and Egy'pt: the rivers, when properly controlled, provided the 
necessary moisture and even carried deposits of rich new'soil, which 
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kept the land in gcjod heart The Somms^ too^ practised irrigation 
on a large scale in Algeria, as the Arabs did later in Spain and 
Sicily, when they introduced rice, cotton, and the sugar-cane. But 
the Mediterranean area as a whole, and still more the hca^y soils of 
northern Europe, required the application of quite dilferent agri¬ 
cultural techniques. 

Such countries as Greece and Italy have in the main light soil, 
torrential rivers, and a climate that combines regular drought in 
summer with short but heavy winter rains, which tend to wash 
essential plant nutrients out ofthe soil. Stock-raising land is scarce, 



FiGr 1 : 3 . Greek plough, from a cup, siith c^mur? a c. 


SO that soil fertility cannot readily be replenished with animal 
manure. The average crop yield in Roman times was not more than 
about fourfold, and to obtain this the land had to be left fallow in 
alternate years and pulverized belbre every crop. If labour costs 
permitted, the ground w^ dug, and in any case there were at least 
three ploughings—successively at right angles to each ocher and 
somctinies obliquely. It has been calculated that this method of 
preparing the ground doubled the quantity of moisture retained m 
the dry summer months, ^ . 

The Greeks and Romans used a light plough (Fig, 13), consisting 
of a pole to which the draught animais were attached; a eurv^ed beam 
joining the pole to the stock, which lay horizontaJly along 
ground; and a single-handled stilt &;cd at the plough-tail to guide 
it. The vulnerable part was the stock, which divided the soil and 
passed along the furrow. This was commonly made of oak, and its 
sides were sometimes protected by the insertion of pebbles mto 
holes in the wood; but it was more important to protect the cutting- 
point with a suitably hard shoe or share. The Egy ptians are believed 
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to have used flint for this purpose but not, apparcjtdy, copper or 
bronze; the earliest iron ploug^hares have been found in Palestine 
and date from the end of the second millennium B.c Rather sur¬ 
prisingly, no iron shares have been traced to Hellenic sources, but 
they IV ere widely used among the Romans, who had both a socketed 
and a less common tanged-spearhead ty^jc; they came to Britain in 
advance of Caesar, 

The expansion of the Roman empire coincided with the climax 
of ancient Alediterranean agricultural technology, when ad^-anced 
methods with better tools w'ere being employed first on some of 
the great skve-worked estates and subsequently spread over the em¬ 
pire by tenant farmers. These ad\'anced methods included a special 
attention to drainage, both to check the washing-away of valuable 
soil constituents in the rainy season and to render more cultivable 
such marshy areas as the Campagna or the Po valley. The Romans 
were, therefore, well able to or^nize the drainage of waterlogged 
areas in northern conquests like Holland and eastern Britain, 
where the main problem not that of water conserv ation, as re¬ 
quired in a region of low rainfall, but that of tlic inconveniences 
caused by abundant and irregular rains. The ploughing that was 
needed, however, vi3s of a different kind from that suitable for the 
Mediterranean. 

In the north, pulverization might rum the ground; the proper 
object there was succinctly defined by James Small in 17S4 as being 
*to cut a slice of soil, to move it to one side, to turn it ove^^ Roman 
ploughs were, indeed, sometimes fitted with projecting ground- 
rests, which pushed the loosened sod aside, or with a large iron 
coulter, which was wedged into a slot in the plough-beam and made 
a vertical cut, in contradistinction to the horizontal cut of the share. 
Nevertheless, there are finds in northern Europe, which may be 
pre-Roman, to suggest that the heavy plough was developed inde¬ 
pendently in the north to suit the needs of the heavy knd which such 
peoples as the Belgac had set themselves to wrest ffom the primeval 
forest. Its characteristic features include a heavy square frame with 
plough-beam above and share-beam below, joined by a stilt at the 
hack and by a brace or sheet immediately behind the share. A dis¬ 
puted passage in Pliny appears to state that a pair of wheels to sup¬ 
port the beam was first introduced in the country south of the upper 
Danube and was in his day used also in Cisalpine Gaul But the 
wheeled plough seems still to have been largely confined even a 
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millennium later, to the heavy clay soils won back from the forests, 
and has never completely ousted the swing^ plough: in 1523 Fitz- 
herbert noted the greater cost of ‘the ploughs that go with wheels*. 
Another veiy^ important innovation in Europe from the eleventh 
century onwards was a device that the Chinese appear to have 
adopted in an improved form 2,000 years before* This was the use 
of a mould-board of curved wood (Fig, 14) to overturn the sliced 
sod, which often too heavy to be turned merely by the strength 
of the ploughman's arms. The shape NTiried greatly according to the 
nature of the soil and the crop to be grown in it* 

In England, horses were little used in ploughing until the six¬ 
teenth century* Teams of eight oxen were a unit of reckoning rather 



Fig. t4 * Early fourtecntlnscnttiry plough with mofuM- 
board, fron) m Esgluh Bibk nurmscxipc 


than an instrument of regular agricultural practice, and it was the 
four-ox team with ploughman and driver—the latter walking back¬ 
wards in front of the team, plying his long goad^—which slowdy 
subdued the heavy lands of southern Britain. The process was 
cffcctivciy begun under the influence of the demands of the Roman 
corn-market, acquired a new impetus in the later Saxon centuries, 
and had been in the main completed by about 1300* 

As regards other fiirm equipment, the influence of the Romans 
was strong, especially on the estates of the Church, w'hich inherited 
their practice of repeated w'orking of the soil. The Romans had 
harrow s, dev eloped from a frame of thorn branches. They were used 
first to tear out weeds, later for covering the seed, and in the Middle 
Ages to break up difficult ground and to supplement the w ork of the 
plough; much dod-crushing was also done mallets. Rollers for 
improving the tilth were not used, except in a form of harrow 
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consisting of a ^Kndcr of wood fitted with iron spites. Wooden rakes 
were common in the Middle Ages, and from Roman times there were 
iron-shod wooden spades and iron picks and forks. A more important 
consequence of the use of iron was the development in accession of 
a balanced sickle, a short^handled scythe, and then the long scythe, 
which by the tw'elfrh century already had the handle of the modem 
type. There was a striking difference from modern manual methods 
in the common habit of cutting corn near the top; Pliny c\^en tells 
of a machine reaper, which worked on the principle of pushing a 
large comb and container breast-high into the corn. 

'fhe grain ivas separated from the cars by threshing with the 
hTOves of animus, or with a board studded with ilints, or with the 
jointed flail, w-hich is first mentioned by St Jerome in the early fifth 
century a.d. The chalf was then removed by means of a w'lnnow'ing 
fan, which was not originally a draught-making Implement but the 
basket in which the grajn was shaken^ Four other items of farming 
equipment, which have scarcely changed since medieval, and in- 
d^ Roman, times are the hurdles of the sheep-fold^ small drying 
kilns for com that had been harvested unripe orw'ctj single-handed 
sheep shears^ and the wooden ladder. 

PREPARATION OF FOOD AND DRINK 

The history of technology is concerned not only with the growth 
of foodstuffs but with the subsequent processes of preparation, to 
which mankind has devoted increasing ingenuity and skill. Under 
the early civilizations the diet of the masses came very' largely from 
cereals or pulses, varied to some extent with fish (p. 62): the flesh 
of animals was beyond the means of the poor save for special oc- 
casions. Ammal foods are nowadays more important: a large pro¬ 
portion of onr cereals therefore goes in fodder. But the economy of 
Rome, for instance, depended upon the cheap import of wheat by 
se^ and the population—in the time of Augustus, nearly one 
million—lived mainly upon a poor-quality flour which came from 
wheat that had been coarsely ground and sifted, and not very 
thoroughly cleaned. 

Pounding the grain to get rid of the husks and then grinding the 
kernels to make flour were originally processes carried on separately 
m every household. Pestle and mortar gave place to the saddle-quem, 
used by the Egy^ptian housewife 4,000 years ago{Fig. 15). Thesecond 
stage m the development of the quern, commonly met with in 
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clossidl Greece, was the soHoJIed pushing mill, in which both stones 
were fiat and grooved, and grain was fed from a hoUow in the 
upper surface of the top stone through a slit on to the grinding sur^ 
faces below* Then came the rotary hand-mill, one of the first im¬ 
portant new uses of the principle of rotary motion since the potlcr^s 
wheel (p* 76)* A handle rotated the upper stone, which was per¬ 
forated in the centre to admit the com and had a w'ooden or iron 
bridge fixed across the perforation, so as to transfer the weight of 
the upper stone to a spindle fixed in the mi ddle of the lower one* 
These rotar}' querns came to Rome 



from the Near East, and are asso¬ 
ciated with the growth of the class 
of professional millers, but their 
spread was a rc&uk of the fact that 
the armies of Rome vi'ere accus¬ 
tomed to grind their own corn, 
every group of ten men being 


provided with a mill. Larger mills Fig,i 5. AnwlyrormofMddlfiHiucrti, 


were known as donkey-mills, from 


f. 2$oo a,c. 


one common source of animal 

power; their survival at Pompeii suggests that they were a regular 
feature of luban civtUzation, and it was not until the fourth century 
A*D* that water-mills began to take their place {p. 251}* 

The empires of the Near East and the Mediterranean made great 
use of the fig, the olive, and the grape: the plants which bear them 
take some years to come into full bearing, but their deep, widespread 
roots tap the subsoil moisture, which enables them to withstand 
drought, and they crop pIcndluHy for many years* The fig-tree, 
indeed, may bear two or three crops a year, and was always a staple 
food for the poorer classes, including slaves* The oll%^c was the main 
source of oil for ail classes: indeed, the word *oii^ is believed to have 
come, through the Ladn and Greek, from the ancient Semitic W'ord 
for olive oil. Oils or fats from animal sources came to predominate 
in northern Europe, however, where the olive will not fioiirish 
and the expensive importation of olive oil was largely confined to 
ecclesiastical requirements. There were hvo main processes in pre¬ 
paring the oil. The first separated the pulp frorn the kernel w'ithout 
crushing the latter, for which purpose the Romans used an oil-mill 
—^tw'O cylindrical stones turning on a central pivot w ith a sufficient 
(variable) clearance to separate the pulp from the olives spread 
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evenly in a flat trough below* The second process was the extranion 
of the juice from the pulpi which in the earliest times was done 
simply by twisting the top of a porous bag so as to squeeze its txin- 
cents. In the last millennium B.c the principle of the lever was 
brought into use, w'dghts of all kinds being attached at the loose 
end of a hinged beam so as to extract the juice from pulp which 
lay in a hag under the beam (Fig* i6). Pliny knew of four types of 
presses, worked hy beams which might be as much as 50 feet long, 
or by screws. The screw principle, associated with Archimedes, was 



Fia. 1&, Simple bcanHures fiw olives artd grapes, fnwn a Greek vuse 
of the sixth cciimiy b,c 


applied first to force down the beam, and a little kter to work directly 
on the top of a press* 

The press was used also for the grape, hut the initial processes of 
viticulture were much more elaborate than those of growing the 
olive-tree. It was an art which came to Greece from the Near East, 
but one which the Greeks raised to its full height The wine which 
they exported westw ards was a determining factor in the growth of 
G^ltic culti^, and it is claimed that Hellenistic culture spread east¬ 
wards precisely as far as the \ine would grow-. In Greek vineyards 
the plants Uy generally along the ground, their growth helped by 
carefiil hoeing, the pruning of unnecessary leaves during the summer, 
and an occasional use of green manure. In September the baskets 
of grapes were brought in to be trodden on cement or w ooden floors, 
the first product”-espccially the Juice squeezed from the grapes by 
their own weight—being the best. It was the second yield and 
quality of grape jmee that was extracted by the press. The must was 
then stored for six months to ferment in huge pottery vessels, the 
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type of the so-called tub in which Diogenes made his home. These 
\'at3 were smeared inside and out with resin^ which gave a charac¬ 
teristic tang to the liquid that was taien from them, and finally 
filtered into amphorae for sale; Greek wines remained the best, 
though for quandry^—ruimmg up to i,6oo to 1,700 gallons an acre 
—^Italy became for a time the chief centre of the industry, followed 
by Spain* The Romans propped or treUised their vines, and took 
much trouble to vary the conditions of fermentation for different 
types of grape and to modify the flavour. But the biggest change 
W'as the introduction of the w'ooden cask with metal hoops, which 
came to Italy from the Celts about die beginning of our erUi for 
barrelled wine kept much better than that in day-stoppered am¬ 
phorae* In return, the Romans established vine-growing in France, 
the Rhineland, and even southern Britain* 

The vineyard, like many of the amenities of life, made but a slow^ 
recovery from the Dark Ages. A revival began about the time of 
Charlcoiagne, helped by the desire to have wine available for ritual 
use and for medical purposes. In the absence of sugar, grape-must 
>vas valued as a sweetening-agent where honey was scarce, and viti¬ 
culture w^as promoted by the great monasteries; by the end of the 
twelfth century vineyards w^ere being planted as far to the east as the 
valley of the Oder* 

The preparation of malt to produce a fermented drink from com 
was a common practice in the early empires: the Sumerians, for 
example, listed nineteen types of beer* Tht Greeks and Romans, 
however, regarded it as a barbarian drink characteristic of the Celts 
and, later, of the Germans: it w as the latter who, by the thirteenth 
century’ a.d,, had introduced the modem type of beer, flavoured and 
prcserv’cd w ith hops, which were not grown in England until about 
1400. There was no other major innovation in brewing until the in¬ 
troduction of porter early in the eighteenth century. Perry and cider 
were made at an early date from wild fruit, but cider-making from 
improved apples spread from Normandy to England in the thir¬ 
teenth century, providing country districts with a drink which rnade 
no inroads upon valuable supplies of grain. 

Alchemists w'ere familiar with the process of distillation (p. 262) 
at least as early as the first century A.D., but a thousand years seem 
to have elapsed before it was applied to the preparation of strong 
potable spirits* A consequence of this development was the pre¬ 
paration of liqueurs, often a product of monastic herb-gardens. 


6i THE PRODUCTION OF FOOD 2 

Vf hich acquired a new importance in the time of the Black Death 
(134SJ, when physicians arc said to have commonly prescribed strong 
alcoholic drinks^ perhaps for psychological rather than purely phy¬ 
sical reasons. Hence came the distilling of gin with the juniper berry, 
brandy distilled from wine, and hnaBy the much cheaper 
vitat, ‘the water of life’. This name seems to have n^eant originilly 
almost pure alcohol, but was later attached to the brandy made from 
ycasc-fennemed barley, w^hich in the fifteenth century became the 
characteristic and aU-tocKfamiiiar means of allcmting the northern 
winter. Regulations against the abuse of strong drink testify to the 
existence of a serious social problem even before r50O. 

Literature, before the days of the modern realistic novel, had little 
to say about the diet of the masses. It seems clear, however, that in 
the earlier Middle Ages it continued to be farinaceous and dull and 
was varied more often by fish than by meat. But from the thirteenth 
century onwards town workers, at least, had more frequent access 
to meat and other supplements to starchy foods. The introduction 
of a more varied diet must have helped to diminish the incidence of 
diseases, such as rickets and scurvy, which arise not from lack of 
food but from the absence of essential dements (vitamins) for main¬ 
taining health: such dehdency diseases were, indeed, rife among all 
classes. Where rye was the staple cereal, fearful plagues of ergotism 
occurred in hot, damp seasons w'hich favoured the infestation of the 
crop by a poisonous mould: in 994, for example, 40,000 people are 
said to have died from this cause in Aquitaine alone, and as late as 
the eighteenth century there were two severe outbreaks within six 
years» 

FlSHEEltES 

Fishing is the most important of the food-^thering techniques 
which still survive from the very- earliest days, and the methods 
employed arc in principle unchanged. Direct attack by hand and 
spear was probably tried first; then, perhaps, the use of a fixed trap 
and experiments with different kinds of bait; next, the baited line, 
made more effective by the addition of a thorn or bone hook; and 
finally, the mobile trap or net, appropriate to deep w'ater and able to 
contain large hauls of fish. But even the net is believed to have been 
in use during the Mesolithic stage. The pioneer venturis of man as a 
boat-maker and as a seafarer were both influenced by the search for 
fish, though in some regions freshwater supplies secured from the 
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bank of nver or lake may have sufficed ibr a chin and scattered 

population 

The usefulnesis of fish as a food is limited by the fact that its flesh 
rapidly decomposes. In the earliest days, therefore, it was normally 
eaten soon after it was caught, except is here it could be naturally 
prcscr\'ed by frost. But drying, salting, and smoking of fish w^erc all 
practised in the Bronze Age, and when civilization began, fish be¬ 
came an important article of commerce, traded by primitive peoples 
for manufactures. The Phoenicians and Greets ate much salt fish, 
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especially tunny, from the Black Sea and the mouths of the Russian 
rivers, w hile the Romans imported supplies from Spain and Egypt 
and even from northern Europe. The Carthaginians, who preceded 
the Romans in the Atlantic coastal waters, w'cnt there in search of 
seals and whales as ivell as fish; but it is possible that, at lease until 
the Middle Ages, the meat, oil, and bones of the whale became 
available most commonly as the result of stranding. The Faroese 
still have a system of hunting small w^hales by driving them ashore. 

Fisheries developed rapidly during the Aliddle Ages. The fast- 
daj’s—Wednesdays, Fridays, and the season of Lcnt^gavethc upper 
cl^es, including liie members of the Influential and widespread 
monastic orders, a keen interest in the supply of fresh fisht salmon- 
w'cirs and other fish-traps (Fig. 17) and carefiiUy stocked fish-ponds 
therefore abounded. The lower classes could, of course, fast without 
fish, bur from the twelfth century onw-ards the growth of towns 
bC) ond the capacity of a local food supply made it imperative to find 
cheap food imports w hich w ere readily transportable. The solution 
was the large-scale harvesting of herring and cod, which are not 
Mediterranean fishes but teem in northern waters, and their ex¬ 
change for minimum suppHcs of com (to the far north) and urban 
manufactures. 
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The hcrrins, which feeds mainly cm plankton and [ives in shook 
near the surface of the wotcr, makes an annual migration south- 
'H^ds through the shallow North Sea but is much less predictable 
in its choice of a coastal region for spawning. Since the fish in prime 
condition is 70 per cent edible^ its value has long been recognized: 
Yarmouth, for example:^ was already famous for its herring-fishery in 
the sixth century a.d. But until near the close of the Middle Ages the 
biggest seasonal fishery ivas off the coast of Scania at the entrance 
to the Baltic. This reached its height in 1275-1350, when the inter¬ 
national distribution of the catch provided the merchants of the 
Hanseatic League with a remarkably profitable monopoly, since the 
salted product remained in good condition for twelve months, pro¬ 
vided the gutting of the catch was prompt and complete and the 
packing sufficiently careful. The barrels were filled in two stages, to 
allow for the shrinkage of the fish during the first ten days^ the layers 
of salt with w hich the fish were interspersed had to be large enough 
to saturate the fleshy and the barrels were finally rendered as air¬ 
tight as possible to prevent the oil in the flesh from turning rancid. 
In 3 good year about 13,000 tons were processed, involving the use 
of some 2,400 tons of salt, some of w^hich came from nearby Liinc- 
burg but most from the great French saltpans in the Bay of 
Bourgneuf, 

Ff om about T400 the control of the Hansc w'as challenged with 
increasing success by the Dutch, A Dutchman, William Beukels- 
zoon, had recently made some improvement, how' fundamental is 
not knowu, in the accepted method of preparing the fish for salting; 
a more definite factor was the desertion of Scania by the herring 
shoals throughout the long period J588-J748 ,so thatthe main fishery 
w^as in the North Sea, where the Dutch easily outmatched English 
and Scottish In 1416 they introduced drift-nets, 50 to 60 

fathoms long, which are towed along at night, when the shoals may 
be detected by their luminosity ; the net resemblra an enormous 
curtmn, the size of the mesh being such that the fish are trapped by 
the gills as they attempt to swim through. The Dutch also replaced 
the open boats used for coastal fishing by decked vessels of as much 
as EDO Ions having two or three masts; these 'busses* (Fig. 18) 
carried salters and coopers in their crew , so that the catch could be 
packed at sea. By 1620 there were believed to be 2,000 such ships 
exploiting 'the Dutch gold mine* off the English coast. This was a 
potent cause of the three Anglo-Dutch wars of that century, but as 
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Jate as 1S05 an English commercial wTiter was sdlJ proclaiming the 
desirability of capturing the fisheiy- from the Dutch. 

The principal European cod-^fisher)' was, and is, off the Lofoten 
Islands in north Norway, w^herc the cod, W'hich live off other ffshes 
on the sea-bottom, came inshore for a brief annual season to spawn 


Fiq. 18. Dutdi herring-busss, i7qa 

and were caught with hook and line. The fishermen gutted and split 
the fish, which were then spread on the rocks or hung on lines to dry. 
The result was a leathery but non-perishable product, which could 
be stacked in open boats for dispatch to Bergen, where the Hanseatic 
merchants established a second monopoly, w'hich lasted until the 
middle of the sixteenth century. The name ^stockfish^ is of Dutch 
origin, but there were big sales as far south as Italy. 

John Cabot’s voyage of 1497 advertised a larger source of supply 
on the great banks off the coast of Newfoundland, which quickly 
attracted fishing fleets from England, France, Portugal, and Holland, 
«Mo r 
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and later gave New England its first major export. Profits were in¬ 
creased by the introduction of a type of line which could be baited 
with as many as hcioks, and Newfoundland itself was 'V’alued 
chiefly as a seasonal fishing base and place to dry the catch. The 
French, however, having a plentifiil supply of cheap salt, salted 
much cod on b(md ship, and kept their position in a trade w^hich, 
like the herring-fishery, was nursed by governments throughout the 
period of mercantilism, not so much to secure the food supply of 
the people as to secure a reserve of seamen for their war fleets. 

EFFECTS OF THE GEOGRAPHICAL DISCOVERIES 

The era of the geographical discoveries brought about a trans¬ 
plantation of crops in both directions—from Europe as well as into 
it—and a modification of diet, taste, and habit, which became fully 
effective only with the development of modern means of transpor¬ 
tation in later centuries. Pride of place must be given to the potato, 
which had been cultivated in South America for at least 2,000 years 
before its conquer by the Spaniards, who first introduced the plant 
to Europe in or before the year tsyo. It was probably first brought 
to England independently, though not by Sir Walter Raleigh. From 
England it reached Ireland, though w't cannot exclude the possi¬ 
bility that it came direct, as it figured among the plunder from 
Spanish ships wrecked along the coast of Connaught. The English 
in turn introduced it to Virginia, wberc it was originally called *the 
Irish potato^ to distinguish it from the sweet potato. In the eighteenth 
century the potato began to be used commonly for the preparation of 
alcohol by fermentation. But its spread as a foodstuff was the direct 
product of necessity: it became staple diet In Ireland during the 
seventeenth centurjv In the rest of Britain, and in France, it was 
not much used before the late eighteenth century', w'hen Britain 
needed it to feed a growing industrial population. In Prussia its 
use was commanded by Frederick the Great, but in central and 
noi^errt Europe as a whole the potato did not become one of the 
main crops until the nineteenth century'* Maize, or Indian com, was 
also brought at an early date to Europe. Magellan is believed to have 
spread its use to the Philippines and the East Indies, and the Portu¬ 
guese also t^k it to West Africa, where it was apparently first 
grown for ships* stores for slavers. It was not adapted to the climate: 
of northern Europe, but nourished in the south-east, where maize 
porridge quickly became a staple food. 
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In the rO'ersc direction^ sugar and rice were the two most im¬ 
portant food crops introduced by Europeans to American soil. The 
latter, requiring a hot climate and irrigation, had been brought by 
the Muslims to Spain in the eighth centtirj', whence its culdvatjon 
spread to Italy, and from there in turn it was transplanted to South 
CaroUna about 1700. Sugar (an Arabic w'ord) had a rather similar 
early histoiys but in the later Middle Ages its importation from the 
Near East had been an increasingly important feature of Genoese 
and Venetian trade, though the cane itself was also grown in Spain 
and Sicily. It was taken to the New World on Columbus’s second 
%'ojage, but large-scale cultivation, became common in the middle 
of the seventeenth century, when slivc-oivning planters in the French 
and British West Indian islands copied the methods and appliances 
of the Dutch. By 1700 sugar could be bought in England at 6d. a 
pound; honey had hnally lost its pre^ntiiucnce os a sweetening agent, 
w'hich dated from time immemorial (p* 48)* 

The raw sugar was made in West Indian factories, where the pieces 
of sugar-cane were crushed in a roiler-miiJ, which might be worked 
by wind- or water-power. There W'crc then successive boilings, In 
which the juice was reduced to a syrup and the scum and dirt re¬ 
moved at intcrv^als. This finally produced a solution so concentrated 
that it would crystallize on cooling; the syrup or mola^es from which 
the ciystals separated provided the basis for the manufacture of 
rum by fermentation and disdUation. The further refining of the 
sugar was done in Europe, a solution of the unrefined product being 
boiled in a mixture containing lime-water and blood until it became 
completely clear. After being filtered through doth and concen¬ 
trated by evaporadon, it was allowed to crystallize in potteiy moulds, 
which gave it the choractensdc sugar-loaf shape. 

Tea, coffee, and cocoa have never been grown in Europe. The first- 
named belongs to China, the last to the New World. The sdmubting 
qualities of coffee, however, appear to have become first Itnowm in 
Ethiopia in 1450. It spread via Aden to the Mohammedan w'orld, 
and thence to the Christian, reaching Paris in 1643 and Oxford in 
i6go. The strong influence which ooffee-houses soon exercised upon 
society and politics illustrates the far-reaching consequences of 
minor innovations. The Dutch took coffee shrubs successively to 
Java, Guiana, and finally Brazil, bi the course of the eighteenth 
century, tea-first shipped to Europe, so for as is known, by the 
Dutch East India Company in 1609—become a drink familiar to all 
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classes in England^ as coSc« did in other Eniopean countries. The 
vogue of drinking-chocoiate, however^ depended upon the plenti- 
fuiness of sugar^ for it was unpaJatabJe if drunk unsweetened. Al¬ 
though a slab form of chocobtc suitable for eating was known in 
Spain as early as 15^;, its populant}' as a cheap and convenient 
eatable in Britain dates ar the earliest from Gladstone's free-trade 
budget of 1853. 

Tobacco likewLse came from the New World, and was indeed 
offered to Columbus on his first landing. It w'as first used in Europe 
as a TOcdicinCt in the belief that the natives of Brazil employed it to 
Wry off the superfluous humours of the brain\ It w as being culti¬ 
vated in Europe as a cash crop by the end of the sixteenth century— 
in Spain in 1558^ and in Gloucestershire by eniigrants returned from 
Virginia in J5S6, Al though the growih spread from Europe to Turn¬ 
key and the Near East, the main line of development was that which 
began when seeds from Spanish-American plantations were brought 
to Virginia in i6ja. Powdered tobacco was brought to Portugal for 
snuff-taking in 15$®* important sale developed. The making 

of tobacco and snuff involved no new^ developments in technology, 
but their prominence in the Smart and Hanoverian scene runs paral¬ 
lel with the increasing use of spirits. Aluch aqm t^tae was made 
from fermented com; gin crossed from Holland to Britain; w'lncs 
were commonly fortified with brandy; and whisky distilled from 
Irish and Scottish barley became an important feature of English 
sideboards. Hence there arose a widespread interest in distiila- 
don apparatus. 

TranS’Oceanlc produce, however, did not for a long dme replace 
the staple cereals of Europe, w here flour-mrULng was a major in- 
dustT}', employing both water-and wind^power. Although the basic 
principles of the milling process remained unchanged—that is to 
say, grinding between a fixed and a rotadng stone—there w ere many 
refinements of detail. The grooves, ineised in both stones, w'Cre a key 
feature, since they both cut and ventibted the meal as it passed out 
to the circumference, and various characteristic patterns w'ere evolved 
(Fig. r9). The dressing of stones wus done either by the miller or by 
a skilled idnerant craftsman, and the stones themselves were often 
brought from remote sources, their texture being of the first impor¬ 
tance. Thus some English stones came from Andernach on the 
Rhine, and French stones were e%'CQ exported to America. Mills 
were numerous and correspondingly small, each serving its own 
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locality, since before the jndustml revolution there was no strong 
inducement to transport grain long distances for grinding. 

Printing soon produced the cookery book, which must have tended 
to standardize the way in which food was eaten as well as the way in 
which it was cooked. The sixteenth century saw the use of the 
spoon established; the seventeenth, the use of the three- or four¬ 
pronged fork to convey food to the mouth, its two-pronged late- 



FlU. 19 . Drcssui^ milktoitcs by luiuiL Inscb shtiw Some traditional 
dcstgm. (A) Late Rcumn; (B) ei^mnth centuT?; (C), (D). and 
(E) ruTUCt^cnEh oentury; (F)uid (G) right-handctl and Icrt-handed 
stones in ^rour-quaitcr' dress 

medieval prototype having been used mainly for servings Individual 
receptacles for food and drink also became customary', w'ith a con¬ 
sequent growth in the pewter, pottery', and glass industries: to drink 
from a glass became common among the wcll-toHio about 1650. As 
regards kitchen equipment, the most important improvement was in 
the roasting spit. This was turned by' the pull of a weight, by clock¬ 
work, by a dog in a ^dog-drum* {a kind of treadmill which survived 
into the nineteenth century'), and even by means of power from a 
fan turned by the hot air rising in the vast kitchen chimney. 

PROGRESS OF AGRICULTURE, r. A.D. I5OO-I7SO 

Agricultural progress in Europe was extremely unev'en. The 
superior diet of the English and Dutch, denounced by their neigh¬ 
bours as gluttons, corresponded to a superior technique. Germany 
required a century or mote after the ending of the Thirty Years War 
in 164S to restore her agriculture to the prosperity it had had at the 
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dose of the Middle Ages: the real wages of a German in 1700 we 
said to have been about one-half of those of 1500. The n^'O prin- 
dpal developments were that sheep took the place of pigs as the 
forest area gradually declined, and that the introduction of winter 
fodder for cattle, a practice which came from Italy via Flanders, en¬ 
abled more stock to be kept through the winter. The soil of France 
as a whole was less well cultivated than might be supposed from the 
glorification of the farmer by the eighteenth-century ph>'siocrats. 
Except for intensive small-scale farming round Paris and in the west 
and north-west, France remained a country of mcdic\'al rotations 
of crops, unselected animals, and old-fashioned implements. The 
Netherlanders, on the other hand, imported the com supply for 
what was then the most densely populated region in Europe, while 
the>‘ themselves grew barley and hops for brewing, tobacco, and a 
variety of industrial crops (part of which was exported), and were 
already famous for their market gardens, fruit-trees, and bulbs. 
Apart from the winning of ne\^- bnd from the sea, to be considered in 
a moment, their secret was the careful husbanding of small portions 
of ground — there was c\'en a complicated nine-year c)'cle of crops — 
and the regular application of fertilizers obtained from stock-keep¬ 
ing and from industrial and general urban refuse. 

In England the sixteenth century had seen the rise of market gardens 
and of an important, but empirical, agricultural literature. No'er- 
theless, it is noteworthy that even the efforts of the Royal Society 
did not produce any general change in crops or agricultural methods, 
although the improvement of arts and industries ^-as one of its 
principal objects and a Georgical Committee \^as set up to investi¬ 
gate agricultiural practices within two years of the Society receiving 
its first royal charter in 1662. The later seventeenth century also 
witnessed a great investment of commercial profits in landed estates, 
and a better balance established bet^'een com growing and wool 
production. This prepared the way for the work of such pioneers as 
Jethro Tull, Charles Townshend, and Robert Bakewell, who brought 
in improved practices and useful new crops from abroad, including 
the turnip as a field crop from the Netherlands and clover from Spain. 
W^ere the English excelled was in the fact that their social sj’stem 
gave the improving landlord, who had the capital with which to 
experiment, a prestige which stimulated imitation by lesser men. 

In considering implements particularly associated with the agri¬ 
cultural improvements of the eighteenth centur)% pride of place may 
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be given to the 3- and 4-ton ^^-agon, both the deep-bodied box-v^iigon 
(Fig. 20), which was common also on the Continent, and the wide 
bow-wagon of the west of England (Fig. 21). These were used on 
the larger farms, which also developed standard patterns of horse 
harness. By the end of the 
eighteenth centurj' the harness 
of horses was much the same 
as today, with the carefully 
designed collar as the most 
essential item; since horses 
work by pushing against the 
collar, a lighter and closcr-fit- 
ting type was evolved in hilly 
districts to suit the frequent 
changes of gradient. Hedging- 
hooks and the smaller bill-hooks, 
made by local blacksmiths to 
the traditional local patterns, be^ 
long mainly to the newer Eng¬ 
land in which common, w'astc, 
and strip were giving place to 
hedged fields, so that laying 
and plashing were becoming 
important crafts. 

Important though the)’ were, 
such inno>ations were second- ... 

ar)’ to the more scientific s)’stem of cultivation inttoduced by Jethro 
Tull in his struggle against the uneconomical habits of farm w orkers. 
His main invention, in i^oij was a drill to plant seed in rows 
22). This gave results far superior, not only to those of casual broad¬ 
casting—though that meth^, too, lived on into the late-ninetwnth 
century—but to the existing practice of dropping the larger >arieties 
of sec^ into a scries of holes prepared one by one with an iron- 
pointed dibble. The horse which pulled the drill also pulled a bush 
harrow behind it to cover the seed. The regular drilling of swd in 
row’s in turn made it possible to use the horse-hoc, w hich Tull 
duced from France in 1714. His general plan of keeping the soil 
clean and loose by continuing tillage after sowing was particularly 
successful with turnips, but he even showed that he could grow 
above-average wheat crops from one-third of the average quantity of 



Fio. 20. Nineteenth-cwirury box-wagoo 
from Lincolnshire 



Fig. ai. Bow-w^foo from Wiltshire 
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seed on unimnurcd land for thirteen years in succession. The 
straight lines of the modem harvest field and its abundant crops — 
the productivity of wheat has been trebled since the Middle Ages — 
owe much to Tulles admirers and imitatOfSj both among the English 



FlO. 33 , Jethco Tull's seed-drill, after the 0i%inaJ pluris, 1701 


nobilit)' and gentry' and among the hard-headed Scottish Society 
of Improvers. 

land reclamation 

A dramatic development of the sixteenth and seventeenth cen¬ 
turies was the progress in land reclamation, which changed the face 
of large areas of the Netherlands and extended the agricultural re¬ 
sources of Italy, France, and England* In the Netherlands, land re¬ 
clamation had been a great problem throughout the Middle Ages, 
for the period in which the Roman works fell into disuse coincided 
with an increase of rainfall and the sinking of the land-level by an 
estimated four inches a century. The Zuider Zee had reached its 
greatest extent about 1287, in w'hich year 50,000 people were en¬ 
gulfed by it in a single storm. The Dutch had perforce became ex¬ 
perts in the construction of dykes and the leading away of water by 
canals, and as early as 1106 were being invited to practise their arts 
farther east, in Germany, Nevertheless, down to the close of the 
Middle Ages they lost more of their homeland than thc)^ regained, 

A general work on dyke-building, written in Holland about 1578, 
shows that in its author''s time methods of dyke-construction and 
protection were roughly comparable to those of the present day, 
Boulder day provided the usual basis, having the seaward face pro¬ 
tected first by clay and osiers, seaweed, straw, or reeds, and later 
with palisades of short piles, the interstices of which were filled with 
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bundles of faggots. In the sixteenth ccntui}' the Dutch dnelo^d a 
new technique of diy laying, by which drowned land in inland dis¬ 
tricts was sj'stcmaticallv reclaimed for agriculture- The area to 
drained was ringed with a strong bank of earth, the making of which 
automatically created a deep channel surrounding the bank. A 
of drainage mills was pbced on the bank, and these pumped the 
water from inside the bank to the channel outside, whence it flowed 
away through a river or canal. The w’lndmill-driven scoop-whecl 
used for this purpose was a fourteenth-century' invention. 

One of several abortive plans for draining the malaria-infested 
Pontine Marshes, about 300 square miles in extent, w as that pre¬ 
pared by Leonardo da Vinci: in many other parts of Italy there were 
similar problems of regulating rivers in the interests of health and 
navigation as well as of food supply^ Thus it came aboot that from 
an early date Italian scientists interested themselves in studying the 
behaviour of rivers. Galileo w'as at one time superintendent of the 
waters of Tuscany; later Italian scientists continued his studies, and 
before the end of the eighteenth century an Italian mathematician 
could write that 'hydraulic architecture arose, advanced, and almost 
reached perfection' in Italy. 

In this respect France and England both ow’ed more than Italy to 
the Dutch. Henrv W of France sent to the States General of the 
Netherlands for Tour qualified individuals, experienced m the art of 
dyking’ to help him In his military operations, but later decided that 
land reclamation w as also one of the ways of restoring prosperity to 
his distressed country'. An Association was established under a senes 
of edicts—imitated from a similar Board of Control in the Nether¬ 
lands—and its work was continued until the ^e^^ocation of the Edict 
of Nantes in 1685 ► 

The English fenland covered an area of about 700,000 acra, 
largely protected by ancient embankments on the^ Lmcomsmre 
coast, and drained by four slow-moring rivers; until 1540 it was 
leaked after, to some extent at least, by the great fenland abbeys. 
The hope of a rich return from capital investment was w hat then, 
and for a long time to come, attracted attention to the draining of the 
Great Level between the Nene and the Norfolk uplands. A su^ey 
of 1589 had made clear that almost the whole of the land was above 
sca-Ievcl so that reclamation was basically a problem of digging 
adequate canals along short tracks to the sea: machinery would not 
be required. But it was not undl 1630 that a group headed by the 
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Earl of Bedford put the work in hand, with the famous Dutchman, 
C Vermuyden, as their principal engineer; he had already drained 
70,000 acres in Yorkshire (Hatheld Chase). The scheme, which was 
completed in 1653, depended upon drainage by gravitation; its very 
success quickly proved its undoing, for as the i^'ater was carried off, 
the peat-lands and even the silt-lands shrank, with the result that 
the surface of the land fell and the water ceased to flow. 

By this time, however, drainage mills of the Dutch t}T)e were 
becoming well known in Britain. A book called The English Improver 
Improved (1652) refers to horse-mills as well as wndmills, and 
describes the raising of the water by a scoop-wheel *or else by a 
good chain-pump or bucket work*. Before the end of the seventeenth 
century the ^^indmill \n'as fully established in England for pumping 
Mister, but even this important and highly relc\'ant technological ad- 
v'ance did little to benefit the fens in an age when political opinion 
was antipathetic to the setting up of any central bwd, such as had 
been formed in the Netherlands and France. 
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EARLY POTTERY 

P OTTERY may have grown out of basket-making, and certainly 
could not become an important faaor in human affairs until 
Neolithic man had adopted a settled mode of life: game had 
been roasted on a spit, but the cereals and pulses which now made up 
a large part of his diet required slow cooking in a container which 
could stand heat. Then, and only then, would he have occasion for 
large-scale use of containers which were as easily broken as made. 
The)* are easily manufactured, since clay is plentiful and the Im- 
dening effects of fire upon it could be discovered whenever primitive 
man happened to use a patch of clay for a hearth. The fact that 
pottery is fragile, readily discarded, and yet ultimately imiKrishable, 
is, of course, the combination of qualities that has given it so large 
and prominent a part in the archaeological record. But although 
pottery occurs in Neolithic settlements before the ^owth of urban 
cultures, its development is primarily associated with the latter; it 
was a product that settlers and colonists introduced to remoter areas, 
and that commonly suffered a setback when the urban influence 
declined. Briuin, for example, in the s^nd millennium b.C had 
much good potter)* of Mediterranean origin; for the greater part of 

the next millennium, very little. ^ • 

Nevertheless, pottery deserves pride of place among the domestic 
arts as one in which the product and its uses have changed com¬ 
paratively little in the course of the ages. One great mvention, tlmt 
of the potter’s wheel, was made about 3000 B.C, but no further tech¬ 
nical ad\*ancc of revolutionary importance was made until the nine¬ 
teenth centUT)’ A.D. The potter has alwa)’s had three main tasks to 
perform: the selection, mixture, and moi^ening of clay; the forming 
and shaping of the vessel; and the execution of the dr)’ing and finng 
processes by which the finished product is made hard and durable 
Very little is known about early methods of selecting, washing, and 
kneading the raw material with water. It is the second process, the 
shaping, that was transformed by the invention of the potter s wheel. 





76 PRODUCTION FOR DOMESTIC NEEDS 3 

The lump of cky which the potter is ready to shape, w hen placed 
in the centre of the fast^turning wheel—at least lOO revolutions a 
minute—will rise easily and assume any desired circular shape at 
the lightest pressure of the potter's hand. The potter with the 
wheel can do in a few- minutes what would take an amateur without 
it several hours, at the same time achieving perfeer symmetry* Thus 

the momentum of the spinning 
wheel, which reduces the muscular 
effort on the part of the porter to 
almost nothing, gave man one of 
the first of the long series of labour’- 
^ving devices out of which modern 
indusny^ has been developed* No 
early wheel sur\-ivcs complete, and 
we have no means of determining 
how' the device onginated, though 
it may have growit out of the prac¬ 
tice of using a turn-table so as to 
have all sides of a pot under modelling conveniently to hand 
23). In its simplest form the wheel turned on a pivot 
which fitted into a socket in a stone. Spun by hand, such a w^heel 
could be given sufficient momentum for the shaping of one pot, 
but enlarging it to increase the momentum ea.uscd the small disk 
in the «ntre, on which the pot itself was supported, to be placed less 
conveniently for the potter's hand* Hence the practice, which seems 
to have grown u p by aooo b.c., of deriving the neocssaiy momentum 
from a serand w'hcel placed under the first and generally turned by 
the foot of the potter, or possibly with a stick, or by an assistant 
using a band. By the sixth centuiy' s.C. the wh eel w^as also being used 
as a bthe (p. 90), for instance to cut groov^es and mouldings. 

In order to make the vessel less porous it was usual to cover it, \ 
when dried but not fired, with a slip of a finer clay w hich could be \ 
burnished with a pebble or other implement to close the pores and * 
make the product watertighL From a very early period, large pots 
were commonly made in tW'O sections, in order that ^eir weight / 
should not cause them to sag before drying; when partly dried they | 
were fitted together with a slip. The same method was used for pots 
with narrow necks. 

During the firing a complex scries of changes occurs in the clay, 
the nature of these depending upon many factors, but particularly 



FtG. Poltcn wi[h Timi-.^tarble jind 
kiln, £g}-^an model, f. i|>ODnjc. 
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Upon the finaJ temperature reached. Primitive inan probably had to 
be content wi th firing-tempemtures in the range of 450 to 700® C., 
which did no more than drive off all the moisture from the clay. At 
rather higher temperatures (750 to 800* C.), such as can be attained 
in large open fires or simple kilns, chemical changes take place in the 
day, making it stranger and less porous. At higher temperatures 
still it is vitrified (fused into a glassy substance), but such a degree of 
heat is readily attainable only with furnaoes of comparatively modern 
t}’pc: in ancient dmes fidng-temperatures above 1,000° C were very 
rare* Firing is a long process and consumes much fuel, and a good 
supply of the latter is essential for any sort of large-scale wort. Wood 
must have been the principal fi teh but dung, peat, and grass were 
also used when appropriate. Some pottery may havrbwn sold or 
bartered unfired, the purchaser completing the process himself. 

Pots must originally have been dried on the domestic hearth, then 
in a special fire of brushwood, and later in a fire burning for several 
days under cover of earth or other air-excluding matter, after 
the pattern of the charcoal-burner’s fire. It is believed that this last 
type of fire could attain a temperature of 750 to 800° C., about 150* 
below what was required for the kiln-fired .‘^hynian vases. \Vhen the 
kiln began we do not know', but examples can be traced from the 
fourth millennium B.C. Until modern times the vertical kiln was 
commoner than the horizontal : it was developed, mainly in brick¬ 
using countries, as a domed structure, from w-hich the hot gases 
generated in the hearth escaped eventually through a chimney. The 
pots to be fired were placed on a perforated clay floor and the kiln 
was then sealed: indirect heating prev'cnted them from being con¬ 
taminated by smoke and smuts from the fuel. The tw'o problems, of 
retaining the hot gases long enough for them to be fiilly effective and 
of equalizing the temperature at the top and bottom of the k^, were 
partly solved in the horizontal kiln, w'hcre the flue is laid hori¬ 
zontally between hearth and chimney, w hich arc at opposite ends of 
the kUn. Specimens are found in Roman Britain, but the vertical 
kiln remained commoner until modern times, except in China. 

The nature of the processes made the potter at a very early stage 
a whole-time specialist. The aesthetic sense which he developed, 
and which gives such interest to the study of early pots, was both a 
result and a cause of his special position ► Painting w'as one early form 
of decoration, mixtures of natural earths being used before firing, 
and cither organic or inorganic colours at a later stage. Shapes were, 
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to some extent, an imitation of wood- or basket-work, and later 
there was sometimes a rather odd imitation of sheet-metal products. 
It is claimed that the pleasurable excitement of the spinning pro¬ 
cess and the ease which it imparted to the potter's w'ork had much 
to do with the development of a sense of form; indisputably, pottery 
developed with remarkable speed both as art and as ciait. First 
at Corinth and later at Athens, pottery manufacture for a wide 
overseas market achieved a degree of industrial concentration 
which almost rivals those of modem times, while the beauty of the 
ocst Attic products has remained unequalled. The achievements of 
some of the early metal-workers, for instance at Ur (p. 119), were 
also dependent in part upon the skill of the potter, who supplied 
the casters with moulds made of fired clay. 

EARLY TEXTILES 

The nimble fingers which moulded clay had from earliest times a 
parallel task in the entangling of vegetable or animal fibres so as to 
make some things ser>'iceable to man. It is probable that baskets, 
mats, and even ropes were made by Palaeolithic man at an earlier 
stage than textile fabrics, which require the use of a n%’isted or spun 
thread and the criss-cross weaving pattern of weft and warp: this, 
however, is conjecture. Our earliest specimens, which are Egyptian 
and from the early part of the fifth millennium B.c, include mats, 
coiled baskeoy*, and primitive fabrics; the earliest examples of rope 
in Egy'pt occur a few centuries later. 

Except for the fact that ropes at the present day are sometimes 
manufactured from man-made fibres for the sake of durability, it is 
true to say that basketry, matting, and ropes have a continuous his- 
tor)’ of at least 7,000 years in which some of the materials, main 
techniques, and even patterns have sho>^*n no change. A specimen of 
coiled basketiy’ from about the year 3400 B.c illustrates both a method 
of fabrication, that of sewing the coil in shape from the base up¬ 
wards, and a form of decoration, with vertical coloured stitches pass¬ 
ing over two coils, which arc still in vogue. The same is true of the 
use of plaited material for baskets, the making of rush mats, and the 
more complicated basketry built up on a frame of stakes. The mak¬ 
ing of ropes, on which sea transport and large-scale building opera¬ 
tions depended, was not a domestic art, but may be included here 
because the process is one of spinning. Reed, leather, palm fibre, 
and esparto were among the materials anciently used. Normally, 
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there were three distinct processes involved—t^ isdng the fibres into 
yam, the yam into strands, and finally the strands into rope; in order 
to prevent the completed rope from unwisting itself, the strmds are 
twisted internally in the opposite direction from that in which they 
are twisted together. In an Egyptian rope-walk, two men respectively 
twisted the strands and closed them as they walked with the rope 
held between them, while a third man in the middle 
packed it tight with a marlinspikc. 

Reeds, rushes, sedges, and grasses were all used in 
ancient basketry, but the principal textile material of 
the ancient Near East was flax, which was growm 
also for its oil-containing seed and was well estab¬ 
lished by 3000 B.C To prepare it for use, the fibres 
had to be separated from the rest of the stem by 
soaking it to loosen the structure before scraping 
and combing. Hemp was the first fibre-plant of the 
Chinese and w’as knowm in eastern Europe by 500 b.c, 
but its main use in Europe has been for rope. Cotton, 
though it may have l^n derived originally from 
Arabia, appears first in India, and silk in the Far 
E^t. Wool was thought unclean by the Eg\’ptians, 
and, although there was much woollen cloth 
made in Mesopotamia and northern Syria, the earliest 
considerable remains are from Scandina\'W about 
1000 B.c The colder climate doubtless stimulated 

demand for it in Europe. , 

In order to make a usable thread, fibres from any natural material 
have to be drawn out parallel and twisted together so as to form one 
continuous narrow thread. This process, which we call spinning, 
will first have been done experimentally by rubbing between the 
palms of the hands, then between one hand and the cheek or leg, 
leaving the other hand free to control the bundle of tangled fib^: 
the spun thread was then wound on a stick. The use of the stick, 
which was intended originally simply to avoid entanglement, de¬ 
veloped into the use of a spindle of wood (Fig. 24) or other material, 
which was twirled to spin the thread. The spindle, which until ^e 
fifteenth century a.d. was virtuaUy the only mechanical aid to spin¬ 
ning, might be kept in rotation by the human hand; but usually it 
W2S suspended with a weight on it, the whorl, which would keep it 
turning for some time like a top. The action of the spindle produced 


FlO. 24. Wood¬ 
en spindle from 
Kahun, Egypt, 
r. 1900 B.C 
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a more uniform thread than the unaided hand^ but it was neveithe- 
less common in early times to double the thread for increased 
strength before it was used for weaving. Another* less important^ 
implement was the distaff, a larger stick used to hold the fibres ready 
for spinning. That spirming was normally w'ork done by women is 
shown, not only by early illustrations, but by the continuing use of 
‘spinster" for unmarried women and ‘distaff side* for the female 
branch of a family. 

The essential feature of the loom, which seems to have been a very' 
early Neolithic invention, is that it provides the frame on which 

separate threads are stretched parallel 
to each other (the warp) to be inter¬ 
laced at right angles by a continuous 
thread (the weft). The bedouin still use 
a loom pegged out on the ground, such 
Fia. 15. Horizontal grounil-loom as was common 5,000 years ago. This 

already contained the two essential 
features of the rod-heddle and the shed-rod. Every second thread 
was fastened to the heddle, the raising of w^hich would provide a shed 
through which the weft could be passed; the akernate threads passed 
over the shed-rod, which could be turned on edge to make the 
counter-shed through which the w'eft passed back again (Fig. 25). 
The rows of w'eft w'ere then ‘beaten up* with a stick to make the 
weaving more even. The same form of loom set upright w'ould 
enable the w eavet to at more comfortably, but of course required a 
more permanent structure, A third type of loom, which was still 
used in Iceland less than too years ago, had loom weights of pottery' 
or stone, of w'hich specimens survive at Troy from the middle of the 
third millennium n.c. The warp threads were tied in bunches to 
these weights, the weaving went dow'nward, and the positions of 
rod-heddle and shed-rod were consequently reversed. The simplest 
form ofw'eaving, know'Oas the tabby-weave, was also the oldest, single 
threads being passed over and under single warps--^ in darning; 
it is still practised. When weft and warp w'erc doubled or otherwise 
equally increased, this became canvas-weave. Variety could be in¬ 
troduced in tw'o main ways: by the use of coloured threads as in 
tapestry weaving, where the colour variation is in the weft, and by 
the process known as ‘floating*, where particular threads are made to 
pass over more than one thread, cither in warp or w'eft, A multi¬ 
plicity of variations w'as rapidly achieved. 
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As wc might c^cpect, the earliest tesctiles remaining to us aie in 
plain weave. Elaboration begins about the middle of the third millen¬ 
nium B.c. and develops so fast that the tomb of Tutankhamen shows 
us fine linen with counts as high as aSoxSo to the inch; its mar\'eU 
lous tapestry pieces include a robe decorated with rosettes and a 
lotus border, having a collar in three colours shaped as a vulture 
with outspread wings* Two centuries later the girdle of Pharaoh 
Ramescs HI displays the most intricate of weaving techniques, with 
tw o qualities of w eave in the one textile, and a count of 340x61 to 
the inch. Bronze Age Scandinavia, in contrast, yieli^ only coarse 
plain weaves with counts not exceeding 13X10 to the inch, but sur^ 
viving garments arc interesting because they are made exclusi%ely of 
wool. A sixth-centur>^ Greek vase shows us both spinners and 
w'cavers; the loom, which is believed to have been about 5 wide 
and a little higher, is of the kind which Homer pictured in the hands 
of Penelope or Circe. No fragment of cloth from ancient Greece sur¬ 
vives. As for the looms, only the Chinese had any^ng better than 
the type depicted, and the weaving knowledge implied in their 
fabrics of silk, dating from about the year 1000 B.C, did not begin 
to influence the western world until after the beginning of the 
Christian era. 

IVORY, WOOD, LEATHER, GLASS 

Ivory. Ivory-work resembles basketry' in that it was brought quickly 
to perfection, but, unlike basketry, it began and has continued as a 
luxury craft. In Egypt, Phoenicia, Crete, and Greece alike, it was 
used especially for decorative knife-handles, toilet articles, and statu¬ 
ettes, and in furniture for panels, as at the tomb of Tutankhatnen, 
though we also hear of Solomon’s 'pCAt throne of ivory’ and the 
luxurious ivory beds denounced by the prophets. Ivory' combs and 
inlaid trinket-boxes were made in Syria 3,000 years ago* much ^ 
they arc made today, while no modern hand has surpassed the skil- 
fulness of certain small Cretan figures. 

The methods of the craft were clearly handed dow-n from father 
to son. This was the case even in modern times, w'hen the first ex¬ 
ploration of the Ivory Coast, west of what is now Ghana, by the 
seamen of Dieppe gave that port an ivory -carving industry which en¬ 
dured for 500 years. Ivory panels were commonly attached to a 
wooden base by small tenons, which were fastened in a mortice with 
a pin, and were often marked on the back to facilitate assembly. The 
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pins themselves were usuaUy of ivoiy^ as they still arc, because 
metal tends to corrode and so cause stains* The work w’as apparently 
done with small saws, chisels, and drills which had bits of a t)T>c 
still used to place the pegs for piano-strings* A simple form of lathe 
assisted ivory-working in Asia, but it was the Romans who first em¬ 
ployed the file. The high cost of the material encouraged careful 
workmanship, ioindng of small pieces to make composite figures, 
and the plugging of flaws. 

IVood. The supply of wood was not restricted in anything like the 
same degree as that of ivory, but accurate w ork was not possible 
w ithout close-grained timber such as was not to be found in quantity 
in Egypt. Cedar, cypress, and yew were therefore common Egy pti^ 
imports from Syria and the Lebanon, while the timber tribute paid 
by the Sudan gives us the name of ebony, which is Egyptian* With 
this limitation, wo may say that wood-working as understood today 
was practised from the time when copper took were introduced into 
Egypt, about 4000 years b.c. ; the standards reached by the Egyptians 
were not equalled by Europeans until the Renaissance. 

Important w orks of art in wood seem to have been designed either 
by priests or by other educated persons attached to the court. But the 
craftsmen appear to have had a many-sided skill in carpentry^ joinery, 
and inlaying (Fig* 26), PuJJ-saw's and bow^-drills were used, and the 
final smoothing was done w'ith sandstone rubbers. In the earliest 
times parts of furniture w^cre fastened together by lashing with 
thongs, but by about 2000 B.C* the methods of making a joint were 
very far advanced. The glue of 1600 B*c, resembles that of the present 
day, and W'as presumably made similarly by boiling down bones, 
skins, and hooves of animals. The tomb of Tutankhamen displays 
such refinements as pegs capped with granulated gold buttons, which 
were used decoratriely to fasten an ivory veneer to a casket; veneer¬ 
ing was much practised to economize in the more valuable woods. 

The development of fine wood-w ork among the Egyptians seems 
to have proceeded from statuary to the mating of strong-boxes and 
chests; for these purposes the reeds in many ways employed were ob¬ 
viously unsuitable* With an interest in furniture came the problem 
of devising bed- and chair-fraTnes to take the strain of a separately- 
woven mattress or scat. Apart from furniture, there was also the exact¬ 
ing task of making com m^ures, held together by hoops of bent 
w'ood* A royal tomb dating from about 2690 B.C shows us a crafts¬ 
manship that was already traditional, A thousand years later, the 
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royal tombs of Eg)'pt yidd us amazing coffins of cedarwood, carved 
to a uniform thickness of i J in.i, which not only show the human form 
on the outside, but have evciy contour related on the inside m 
re\'€rsc form with complete exactitude. A little later wo have such 
astonishing, if florid, triumphs as the deeply caned furniture of 
Tutankhamen, including an ebony bed, shaped to allow^ for sagging 
of the woven mattress, which has not warped appreciably in ail the 

intervening centuries. ■ 1 u 1 n j 

Ltathir. Palaeolithic man used the skins of the animals he kdled, 
or whose bodies he found, for clothing and, to some extent, for tents 



Fra. 2 j 6. Fumifurc-nwtinj^ Cfem t tomb it Thebes, Egypt, e. 144°' b 


and containers. But we do not know when man fir^t learned to mate 
durable leather by scraping and treating the skins with fats or in 
other waj^, which gave him a ready-made equivalent of a textile 
material that had also some of the qualities of pottery. There is 
plenty of archaeological evidence for the early use of skln-scrapers 
of bone and stone, but the desirability of preserv ing only the centrd 
layta-—as distinct from the epidermis, to which the hair or wool is 
attached, and the layer of fat or flesh below' w'ould be learned 
only Over a long peri^ of time, and to find a satisfactoty method of 
preserving it w'ould take even longer. The Eskimos still cure their 
skins by smoking them, and it is said that the teeth of their women 
are often worn to the gums in the preliminary task of chewing the 
skin so as to soften it beforehand. Other primitive methods of preser¬ 
vation are salting, sun-drying, and the working of fats into the 
tightly-stretched hide, a method described in the ihdd* Tawing was 
a method widely used in ancient Egypt, and still important in the 
Middle Ages, which involved the application of alum, often combined 
with salt, to produce a stiff white leather which was then worked over 
a curved frame to soften it. The most important process, howe^'er, 
employs tannin, and is thought to have originated from the steeping 
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of skills in fortst pools, or from the practice of v^ecable dycmg^ 
the main source was oak bark or oak galls. The tanning was done by 
soaking the skins in a scries of pits or vats^ the oldest, and therefore 
the weakest, liquor being used first; in ancient times the whole pro¬ 
cess might take fifteen months. 

Finishing processes were of three kinds. For durabilitj, sole- 
leather hammered, and harness-leather curried—that is to say, 
impregnated with grease while still damp after tanning. For ap^ 
pcarancc, goatskin was rubbed to produce what wc call^ morocco 
leather, and the same process produced the creasing of wiUow calf. 
For colouring, there was the red produced from the Insects of the 
kermes oak, bbek from copperas, and the use of many vegetable 
dyes. 

From the Mesolithic stage onwards, leather played an enormous 
part in the andent economy. Leather of varying degrees of hardness 
and suppleness served many of the purposes to which pottery and 
textiles were later adapted. The leather bucket of the n'pc still used 
in the shaduf, the stitched leather play-ball, the dagger^heath, the 
leather jerkin, and many types of glove, sandal, and shoe illustrate 
a continuity reaching to our own times, which was perhaps greater 
with leather-working than with any other important handicraft. A 
Greek bovi'l {Fig. 27) show's us a shoe-maker of the sixth century 
B.C cutting his leather; the half-moon knife which he is using had 
been in use in Egypt a thousand years before; a knife of identical 
pattern is to be seen in the hands of the shoe-maker of today. Down 
to 1900 at least, the saddler*s was another very conservative leather¬ 
working trade of fundamental importance to society'. 

C/ff rt. Glass is a rigid non^cryst^line substance, suitable for many 
of the uses of pottery but having the spedal quality of transparency 
or at least translucency, !ls earliest use was for the glazing—^at is, 
coating with glass—of other objects, while in more recent times it 
has provided windows, mirrors, and the essential parts of optical 
instruments. Glass was generally made by heating a clean mixture 
of soda, lime, and sand (or ground flint) until it fused into a vitreous 
fluid, requiring to be slowly cooled or annealed to prevent cracking 
and cTystaHizadoD. The history of glass resembles that of leather 
inasmuch as the best processes and products of antiquity were not 
substantially improved upon until quite recent days. The glazing of 
soap-stone beads dates in Egypt from about 4000 B.C., and the mak¬ 
ing of small solid glass objects, which may be regarded as imitations 
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of precious stones, dates ffoiu about 2500 b.c. both in Egjpt and in 
Mesopotamia. Glass vessels, however, do not make their appearance 
before about 1500 B.c,, while the technique of glass-blowing, which 
we tend to think of as the fundamental process of glass manufacnirc, 
was newv but spreading very rapidly, at the dawn of the Chnstian 

Glaze was composed of the same constituents as ancient gla^ but 
with a larger proportion of sand and a smaller proportion of limCp Tt 



Fia. 27, SliDC-tniifcErcuitittBkaiiicr, &anii bowl of 
the sixth century b.C. Insca ibowj (A) Ecyptuix: (B) Iran 
Age; (Q medieval Europcaft; and (D) modem knives 

was usually apphed as a moist powder and then fired. For glass-making 
proper we have vciy' little evidence as to how the two basic processes 

_.tfn; heating and raking of the raw materials to get rid of some of the 

gas and to mix them effectively, known as fritting, and the process 
of melting and annealing—were conducted originally, Ma-glass 
becomes fluid at about 1,000* C., which can be achieved with a 
coal fire and is, we have noted, the maximum temperature attained 
by andent potters. Potash-glass, then less common, melts at a rather 
lower temperature. With cither ty^Jc. bubbles of gas often remained 
because the available heat had been insufficient to expel them, and 
the glass might also cry stallize and become brittle if the cooling m 
the annealing oven wxrc not slow enough. Glass made from pure 
soda, lime, and sand is colourless, but is coloured by ev'en small 
traces of certain mineral impurities—^a fact of which advantage was 
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taken from an early dare : copper, for example, gives a deep blue- 
grccn. Most sands contain compounds of iron, which impart a 
greenish-brown colour to glass; the fine colourless glasses of an¬ 
tiquity, especially those of Alexandria, must Have been made by 
using pure silver sands. 

The first glass objects, including some quite elaborate figurines, 
were shaped in clay moulds, while seals and even larger articles were 
made by grinding or carving the glass, treated as if it were stone. But 
the genei^ practice for making a glass vessel was to dip a core of 
sand, ded up in a cloth bag, into a crucible of molten glass, roll it 
into shape on a stone bench, perhaps add blobs and rings of different 
coloured glass to the outside for decxiradoii, and to pour away the 
sand from the finished vessel when cold. This last technique prob¬ 
ably grew out of the pracricc of mating glass beads by sur^ 
rounding a wire core viith viscous glass, withdrawing the wire 
when the glass had cooled, and cutting the product into appropriate 
secrions. 

Such was the glass-mating technique of the second mUlennium 
B.c. By about 1350 B.c. Egypt had factories producing glass in quan¬ 
tity; the art was spread, no doubt by migratory workers, all over the 
Near East, but has left no traces north or west of Greece. After an 
apparent interruption which lasted for some 400 years, glass vessels 
become common again in the eighth and seventh centuries b*C, when 
they were brought by Phoenician traders to the Atlantic coast, while 
the making of glass beads spread across Europe, perhaps even as far 
as Britain, 

THE CONTRIBUTION OF THE GREEK AND ROMAN WORLD 

In this period the most revolutionary developments were in glass- 
mating. The sand-core technique went out of fashion, while Egypt 
took the lead with an output of mould-pressed ware, beautifully 
finished by grinding and polishing. Coloured rods or *cancs^ were 
fused together and then cut transversely in order to make poly¬ 
chrome glasses; this culminated in mosaic glasses and bowls such as 
graced the Roman emperors* table. But the biggest change came 
not from the Alexandrian centre but almost certdnly from S3rtia, 
whence it spread across the Roman world with astonishing speed in 
the early years of the empire. This was the art of glass-blowing, 
which probably began with the blowing of vessels lATthin moulds; 
as skill improved, moulds were dispensed with. Free-blown glass 
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was produced as a bubble on the end of a blowpipe^ and shaped w ith 
pliers i transferred while still molten on to the end of a second rod^ 
the pondl, w'hich was thrust into (but not through) the glass at its 
base; the process was completed by detaching the blowpipe, leaving 
a mouth to be trimmed with shears. Reheating his glass when neces¬ 
sary, the blow'cr could blow and spin it into almost any shape, from flat 
dishes a ft in diameter to a small jug inserted into a larger one. By 
the second century A.D. the glass industry' had spread from Italy to im¬ 
portant new' manufacturing centres with improved techniques round 
G>iogne and Trier, w'hcnoc it also reached Britain. Minor technical 
changes were diffused so fast tliat there must have been a constant 
movement of skilled glass-maters from the Near Eastern centres all 
across the empire. Finds ranging from Afghanistan to the Sahara, 
Scandinavia, and the northern highlands of Scotland show the popu¬ 
larity of imperial glass even among the outer barbarians. 

The centuries of the Pax Romana, with its w'idespread oppor-^ 
tunitics for trade, are likewise something of a landmark in the his¬ 
tory of ceramics, textiles, and furniture, to which we must now briefly 
turn. Greek potieiy reached its climax in the Athenian vases of the 
sixth and fifth centuries B.C, both as regards decoration — by w hich 
alone w'e can judge the glories of the Jong-vanished mural and panel 
paintings of the Greeks—and technique. Decoration, was applied 
after the vase bad dried leather-hard but before it was fired, a method 
facilitated by the toughness of Athenian clay, and one which helped 
to achieve smoothness in the lines of the drawing; fresh day could 
be applied for details. The whole surface of the vase w-as covered 
with a thin wash of clay, on w'hich the design w'as sketched out with 
a blunt tool The figures were then painted in, lines dravm inside the 
silhouettes, and the background given a contrasting colour — usually 
red on black, or black on red (Figs. 28, 29). The exact coloration 
depended on conditions within the kiln, the practice being to fire the 
vessel in three successive stages, in which air was respectively freely 
admitted, then limited, and finally admitted freely again. With the 
decline of Athens early In the fourth century' B.C. there arose the pot¬ 
teries of southern Italy,, using the same technique. But farther 
north, in Tuscany, the Greeks had a ri\^l in the famous black Etrus¬ 
can pots, bearing a design in relief, such as became common with 
Greek ware a century or two later. This involved the preparation of 
a thick-walled mould, on the inner side of which a design was cut; 
this was then fastened to the potter^s wheel, and a bowl was spun 
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inside pressure being applied from within by hand to secure the 
relief. The products of vwo or more moulds were often combined to 
form such articles as jugs. 

The Romans of the first century b,c. produced their Arrerine 
bowls by the same system of relief-moulding (Fig. 30) at the former 
Etruscan dty of Arezzo. The glazc^ both of the Airctinc vases and 
of a very common type of pottery derived from them, which archaeo¬ 
logists ciil terra sigillataj was a brilliant coral red in colour. The Romans 
also produced a blue^ecn glazeware, which is likewise found in 
many parts of the empire. This was a lead glaze, melting at a definite 



Fig. iS. Tbc return of Hephsutos » (Myrnpus, from an 
Adieniao bovrl of Uic fiftb century Et.C. 


temperature, into which the vase was dipped to coat the outside, 
while a thinner coating was applied to the inner surface. Much 
domestic ware was, however, left unglazcd. The making of terra¬ 
cotta statuary (Fig. 3T) and reliefs was another Greek, Etruscan, 
and Roman practice, in w^hich the use of the mould replaced free 
modelling. Not only did the use of moulds, sc\xral for each figure, 
make it possible to produce identical figures quickly, but the figures 
themselves could be hollow. 

The contribution of Greece and Rome to the textile industries lies 
first and foremost in their choice of raw^ material. Their finest flax 
came from Egypt, but they had their own w™l, which they improved 
by selective breeding. Sheep shears of a modem type, meant for use 
in one hand, were probably a Roman invention. Silk is first recorded 
in the west in the first century a.d. as an expensive eastern fabric; 
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descriptions of the source of raw material are confused* Cotton, 
howe\cr^ had been brought from India and was now grown on the 
south-eastern periphery of the Mediterranean, and there was large- 
scale tnanufacture of cotton goods in Roman Malta. Important 
changes in the textile processes, however, were very few, and in no 
case fundamental* The dyes us^ continued to be mainly vegetable, 
but the Romans attached importance to the costly purple dye of 
Phoenicia—a dark violet inclined to browTi. This imperial purple* 
was obtained, a few drops at a rime, from a gland in several spedesof 
molluscs; for the b^ results brandtiTh was used. Twenrieth- 
century chemists have found that this costly dyestuff, which gave 



Fig. 39. Prelimiiwy skeidi for the bowt shown in Fig. lA 


a pound of wool a value of £40. is closely related to the vegetable dye 

In furniture, too, classical civilization mtroduced no radical 
changes, chough the improved tools of the Iron Age encouraged an 
increasing mastery of technique* The Greeks contributed to furni¬ 
ture only a new type of chair, having a woven supported upon 
curvxd legs and with a curv^ed back—a chair w'hich, unlike its Egyp¬ 
tian predecessors, w’as not completely rigid but could be varied to 
suit the comfort of the individual* The Romans were the first makers 
of strong cables and of shelved cupboards, .Armies returning from 
the Asiatic campaigns of the last two centuries fl.c. brought with them 
to Rome the idea of many oriental luxuries, including the sideboard, 
and with the general trend tov^-ards luxury and ostentarion, there 
w'as extensive use of costly veneers and of metal furniture-fittings 
and furniture. 

The most important new tool was the lathe which perhaps dates 
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back to about 1500 b.c., but was brought into wide use for w'ood- 
tuming by the Greeks. No ancient specimen is emntj but it was 
probably developed out of the bow-drillj or perhaps the potter’s 
wheel, and made a special appeal to a people who loved geometrical 
perfection. Iron hand-tools had been much developed by the 
Assyrians in the eighth centur)', and the Greeks probably had proto- 
t^Ties of the tools w hich w ere in common use among the Romans. 



Fra. 30. Amtirc mnuld, with incBcd design, firti omtuiy S-C, 


In nearly every case the tool of iron was an improvement upon its 
copper or bronze predecessor; iron saw's were the first to have raked 
teeth; modem files and rasps supplemented the plane. Working 
with such tools for a luxury-loving society, the Romans used most 
of the techniques and many of the exotic materials, such as tor¬ 
toise-shell and ivory, w hich made their next appearance to meet the 
demand of wealthy patrons in western Europe after a gap of more 
than a thousand years. 

Litdc is known of the w'ood-working crafts of northern Europe 
during this long period, but the word ‘carpenter’, which conies to 
us, through the Latin, from the two-wheeled Celdc cart (carpentum) 
w'hich the Romans greatly admired, is a reminder that the men of the 
most forested areas wore not inactive. It is hardly too much to say 
that the peasant w'ood-working crafts, often carried out in the home 
in the darkness of the northern winter, represent a living tradition 
(or, at least, one of only yesterday) which goes hack to a Neolithic 
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practice of wood-working distinct from that of the Mediterranean 
world* The men of the north made much more extensive use of their 
plentifid timber, eating off wood rather than 
potter)-^, and living in wooden houses rather 
than in ones of stone or brick. Moreover, 
they had plenty of soft woods, such as pine, 
bccch, and birch, which could be worked 
more easily than the hard woods favoured 
by Mediterranean craftsmen and were 
suited to more primitive needs* The nor¬ 
therners, in short, were better at carpenter¬ 
ing than at joining, and were w ielders of the 
axe, the adze^ and the knife rather than the 
more accurate saws and planes of the south. 

THE MtDDLE AGES 

The history of production for the home 
during the E)ark Ages is little known, and 
there was perhaps little new to record. The 
techniques of the later Middle Ages, on 
the other hand, are relatively well known 
to us, because they simived to find a place in the printed litera* 
ture of the sixteenth century, and in the woodcuts by which it is 
illustrated. One common factor running through the period is the 
debt of the west to the east, to the Greeks or Byzantines, to the 
Islamic world, and to the Far East. In the case of pottery, which 
we make our staning-point, this ascendancy of the east over the west 
lasted far bej'ond the Middle Ages, It was not until 1709 that western 
potters were able to rival the glories of the translucent porocUin 
which had been made in China since the days of the T ang dynasty 
a period of almost exactly one thousand years. 

One consequence of the fall of the Roman empire in the We^ in 
the fifth century was that in many areas the potter’s wheel fell into 
disuse, and pots were again built up by hand from Lumps or coils of 
clay* This was true, for instance, of Britain, except perhaps for Kent, 
up to the ninth century'^ then the w'hcel came back from the Rhine¬ 
land, which, together with parts of Gaul and Italy, had kept the 
Roman ceramic tradition uninterrupted. The kick-wheel was charac¬ 
teristic of the Middle Ages (Fig- 3^)1 the potter being left with bo^ 
hands free to shape the vessel. Another new development was m the 



Fia. 31. Einiscan wuifor* 
in larapjita (lifMi!!e).sitth 
or fifth ccniCui}' B.C. 




9 a PRODUCTION' FOR DOMESTIC NEEDS 1 

design of the kiln. The correct firing of pottery requites a slow 
raising of the kiln temperature, a higher ma^cimum temperature than 
is readily attainable with wciod fuel, and a slow cooling-oC Better 
design made it easier to ftiifil these requirements while at the same 
time saving fuel. By the middle of the sixteenth centurj' the use of an 



Fia. 31. Potter using kick-wheel. Agriooii, De ft 155^ 


hour-glass by the master-potter for timing the operation presages 
the instrument-concrol of modem times. 

Among the useful modifications of design introduced by the 
mcdio'al potter was the convex base, formed by working the inside 
of the soft clay with hand or pad. This made the base itself stronger, 
while the convex surface cracked less readily under changes of 
temperature, .pother was the tubular spout, which was formed by 
wrapping a strip of clay round a finger or stick, used also to make the 
hole to which it was fitted, A good deal of elaborate ornament was 
moulded on to the pots without the help of a wheel, and there was 
cv'cn a device for casring screw-tops for the necks of pottery bottles. 
But the only independent development of first-class importance in 
western Europe was its stonew^, which was not derived from the 
earlier Chinese manufacture, though this was imitated in the Near 
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East. Stoneware requires a fine plastic clay ^nd a Jdln which can be 
fired at a high temperature of about 1^250"^ C,, which causes partial 
vitrification and so gives a non-porous vessel without glazing* Ware 
of this kind was being made in the Rhineland from the time of 
Charlemagne onwards in quite simple kilns, success being probably 
due to the extreme plasticity of the local clay. In the fourteenth 
century Rhenish potters learned to throw salt over the pots at a 
late stage in the firing so as to produce a salt-glaze. Dutch Limboutg 
rivalled the Rhineland, but stoneware like this was not produced in 
England until about 1684. 

Some of the eastern influence was Byzantine. The use of lead 
glazes, for e.xaniple, which had been discontinued in the west after 
the fall of the Roman empire, owed its revival in the elev^enth cen¬ 
tury in part to its continuance in Bji^zandum during the Dark Ages. 
Polychrome decoration, of which specimens are found in tenth- 
century Bulgaria, may also be supposed to have come partly from 
Byzantine sources to Italy and thence to France. But the most im¬ 
portant influence on western potters was that of Chinese ceramics 
imported through the Islamic world. 

\\Tiite, translucent, metallically resonant porcelain was being made 
in China from fine w'hite clay and china-stone, fired at high tem¬ 
peratures, from about A D. 700. Within a century' porcelain from 
China reached Baghdad. To imitate this creamy porcelain, which 
they coveted but of which they could not find the secret, Mesopo¬ 
tamian potters developed a white opaque tin'^lazc—composed of 
powdered potash-glass, oxides of lead and tin, and salt—in which to 
dip the once-fired vessel. The result was not merely a reasonable 
imitation of Chinese porcelain, but the production of a surface on 
i^'hich a brush could paint most delicate w'ork. The ceramics of 
Baghdad, and bter of Cairo, to which Baghdad potters migrated in 
the eleventh century, inspired imitation in Spain and Italy, leading 
by the fourteenth century to the majolica ware, probably named after 
the island of Majorca, but a charactensiic achievement of the Renais¬ 
sance period at Faenza [whence came the name faience) and other 
Italian centres* This was made with the glaze described above, and 
painted with colours derived from Islamic practice, such as cobalt 
blue, w'hJch wus smuggled into Italy from the Levant in the fifteenth 
century* 

Meanwhile, in the twelfth century the whiteness of Chinese porce¬ 
lain was imitated in Persia by a new^ composition of powdered 
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quartz and glass; this gave Persia a high position in ceramics^ but 
did not directl}'' influence Europe. In the fifteenth century, however, 
the blue-and-white porcelain of China gave a new impulse to pottery¬ 
making in the Near East, and hence indirectly in Europe, with the 
result that majolica pottery spread in the sixteenth century from Italy 
to the Netherlands; and when the Duich East India Company in 
1609 ^gan to import Chinese porcelain direct, tlie craftsmen of 
Delft imitated it in the tin'-enamcl ware with W'hich the name of their 
tow'n is for ever associated. From 1615 onw'ards the Dutch exported 
it all over the western civilized world. 

The revival of bdek-majang was also a charactedsdc of the later 
Middle Ages in Europe. Afrcr the fall of Rome it had continued in 
B^'Zantiumand north Italy, and among the Mohammedans of Spain. 
Between the eleventh and thirteenth centuries it spread from southern 
France to eastern Britain, and became the main basis of medieval 
architecture in the region from the Low Countries to the Baltic, 
w hich has very little stone. BHcks, made in large rectangular kilns, 
w'ere cheap i at Hull, by about 14^^ three or four unskilled men were 
able to do all the w ork of digging and kneading the clay, shaping the 
bricks, and tending the kiln, for an armual output of about 100,000 
bricks, the product of ten five-day firings w'ith dried turf as fuel. 
Besides the co^on clay tiles for roofs, inlaid paving-tiles and orna¬ 
mental relief-tiles on w alls were also charactcrisdc of the later Middle 
Ages. From the fifteenth century onwards these found a new use in 
covering the large heating stoves of the cold north, w'herc relief 
o^ment added incidentally to the surface available for heat radia¬ 
tion; particularly beautiful effects in painted tin-glazed tiles w'cre 
achiev'cd by the Dutch. Once again the inspiration came from the 
tiles which decorated the mosques and mausoleums of 

Islam. 

The medieval glas^maker’s craft may be dealt with more briefly, 
for after the fall of the Roman empire in the west there are serious 
gaps in our knowledge. The medieval industry in nonhern Europe 
centred upon the Rhineland and Normandy, used potash instead of 
soda for its alkali, and was based accordingly upon the forests, which 
also supplied the necessary fuel. The change had taken place by the 
ninth century', but there is no clear evidence of its being caused by a 
disrupdon of the industry^ in the Dark Ages. The pagan Jutes made 
glass of a sort in Kent, and there were attempts to bring back the 
lost art from the Continent to the Northumbria of Bedels day, but it 
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is not until 1 226 that wc hear of workers from Normandy establishing 
glass-houses in forest areas of Surrey and the Weald* A similar 
mystery surrounds the development of soda-glass in Italy. Sites of 
glass factories belonging to the eleventh century have been found at 
Corinth, but we have Uttle knowledge of Italian, or even of definitely 
Byzantine, glass until the thirteenth century, when Venice became 
a great glass-making ceritrc, from which the craft spread in Italy 
and elsewhere. The impetus seems to have been given by the 
G^usadcs, w hich may have enoonraged the movement westwards of 
workers from the Near East, with their skill in cutting and enamel¬ 
ling the glass. But it w'as not until the mid die of the sixteenth century 
that the Venetians, whom the waning fortunes of their cit^' now 
tempted to emigrate, took the manufacture of crystal glass as far 
afield as England. 

As late as the twelfth century, the w^indows of English churches 
were not a iway's glazed, and cv^en in the later iVliddle Ages it was 
only the larger houses whose window's might have such protection. 
Gl^ for the former was obtained by splitting a large blown cylinder 
with a hot iron, and opening it out in the furnace; for the latter, 
^crow'n glass" w'as made by the simpler course of rapidly spinning a 
hollow globe of molten glass until centrifugal force caused it to 
open out suddenly into a flat, circular sheet, with the ‘crown' by 
which it was attached to the pontil as a distinctive blemish* The 
manufacture of coloured glass, of which the oldest English examples 
date from 1170-80* required, as W'e have remarked* specific additions 
of mineral substances to the molten material and very' careful con¬ 
trol of conditions within the kiln* Greens and reds w'Cre produced 
by the use of copper, though the finest red required gold chloride— 
as it still does today* Browns and yellow's were made by adding iron, 
the best yellow with metallic silver, and the blue w'as obtained with 
zaffre —an Arabic word for a mixture containing cobalt. Conversely, 
the art was learned of producing a colourless glass, either by using 
the purest materials or by getting rid of the green or brown tinge 
from iron by an addition of ^glass-makcr"s soap" (manganese dioxide). 

The use of stained-glass window's in churiiies began in the Medi¬ 
terranean lands in the tw'elfih century, with the exclusion of the hot 
Sunshine as one of its main objects. Within a hundred years this 
developed into one of the greatest of art-forms, the supreme glory 
of the Gothic cathedrals of France and England* Though the finest 
work W'as done in the period 1280-13 So, the technique of coloration 
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continued to improve until about 1550, when the world lost an 
accomplishment which many believe has nev er been fiilly regained. 

MEDIEVAL TEXTILES AND LEATHER-WORK 

In the Middle Ages flax w^as grov^n all over Europe; indeed, it 
continued to be the main vegetable fibre in use in the west until the 
eighteenth century. It was so efficiently processed that fine linen, 
almost alone among medieval western goods, found a market as 
far away as Pekin. But the only important technical devxlopment in 
its manufacture was the flax-breaker—a fourteenth-century inven¬ 
tion, probably of Ehitch origin, which broke the woody tissues of 
the stalk betw'een pieces of wood. 

Far more important were the developments in the use of wool. By 
the fifteenth century there were fifty-one grades of English wool, 
the best being those of Shropshire, Herefordshire, and the G)ts- 
wolds. It was sold chiefly in the great manufacturing centres of 
Flanders, where in the go^ years of the early fourteenth century as 
much as 15 million pounds was needed as the main basis for an 
estimated annual output of 150,000 28-yd pieces of cloth. Fine 
English wool was also an important export to north Italy, but until 
near the close of the Middle Ages English cloth enjoyed less esteem, 
partly because it was believed, with some reason, that the English 
sorted the wool for its manufacture rather carelessly. 

Wool required to be washed, dried, beaten, and oiled before the 
fibres could be disentangled for spinning. This disentangling or 
carding process had originally been done with thistle (Latin carduus) 
or teazle heads, but by the thirteenth century the P'rench were using 
a pair of wire-toothed boards (not unlike very stiff hairbrushes), the 
wool being worked from one to the other by hand; these are sdll 
used by hand-weavers. G)mbing was another traditional practice, 
alternative to carding; it was probably derived from the Unen in- 
dustr>', and was certainly common in western Europe by the twelfth 
century. The combs had metal teeth mounted in horn on a wooden 
handle, and were heated before use so that the comb might slip more 
easily through the wool; one comb was fixed to a post and the wool 
was then drawn from it with long strokes, the object being to collect 
the long fibres for spinning separately from the short. There was also 
a third niethod, alternative to carding, in which the fibres were 
disentangled by the vibrations of a bow-string. Both carding and 
combing are mentioned, though not described, b>' classical writers. 
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including Pliny; but bo^^ing, which is still practised in India and 
parts of Europe, may rank as a medieval invention. 

The three major innomions associated with the medieval woollen 
industry are the spinning-wheel (Fig. 33), the horizontal frame loom, 
and the fulling-mill. In using 
the spinning-wheel, the right 
hand turned the wheel, which 
was connected with the spindle 
by a belt and pulley; as the 
spindle turned, the yarn slip- 
pii^ off the end was drawn 
away in the left hand. When 
the arm was fully extended, the 
yarn had to be held out at right 

angles and the spindle reversed for a few' turns, so that it might be 
wound properly on to it. Before the close of the Middle Ages 
the machine had been further elaborated by the flyer, which made 
it possible to spin and wind 
simultaneously. 

According to Adam Smith the 
spinning-w'heel, with its con¬ 
tinuous rotary motion, doubled 
the productivity of labour. The 
horizontal frame loom, on the 
other hand, was a matter of 
convenience to the weaver rather 
than of any fundamental advance. 

The weaver was provided with 
treadles, to raise and lower the 
heddles (p. 80) as he passed the 
shuttle to and fro (Fig. 34); 
the reed, with which the lines 
of weft were beaten tight, was 
hung from the frame on a heavy 
batten; the release of a lever 
enabled the w'orkman to pay out 

the warp as he needed it from the warp-beam at the back of his 
loom; and the woven cloth was wound on the cloth-beam in front. 

The trampling or fulling of cloth to thicken it by matting^ the 
6bre is analogous to the felting of unwoven wool, fur, or hair, a 
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process which w'as probably' older than iveaving itself* FuUer^s earth 
and various cleansers, such as w'ood ashes (but not soap), vrere used 
in this process by the ancients; what was new' in medie^'al tiines was 
the substitution of power-driven mallets for the ivetring and often 
noisome labour of the human foot. The pow er was supplied from the 
water-wheel as in the com-imll; the turning of the shaft of the wheel 
caused tappets to engage in the shafts of tw'o large wwden mallets, 
so that tlieir heads fell alteimtely upon the doth, which lay soaking 
m a trough of water containing fuller^s earth and other alkaline 
materials. The cloth had to be rearranged from time to tfute to secure 
uniform treatment, hut the economy of labour, as compared with 
the old method of treading and beating, may be judged from the fact 
that a fifteenth-century mill in Kent was able to treat simultaneously 
three pieces of doth each 12X2 yd. Since the fulling-mill profoundly 
influenced the organization of the w'oolien industry, causing it to 
move out of the older towns to hilly districts well supplied with 
fast streams—and giving the English industry a corresponding ad¬ 
vantage over the Flemish — it is remarkable that so little is know'n of 
its origins. There is a mention of it in an deventh-oentury French 
charter, but the earliest English reference—to two mills, in York¬ 
shire and the Cotswolds respectively — dates from 1185, In the 
thirteenth century the fulling-mill became so common that the word 
^mill^ in documents was usually given further definition; no com¬ 
plete description or illustration, however, is found until considerably 
later. 

The drying of fulled doth on tenters (Fig, 35), the raising of the 
nap with teasels, its subsequent cropping and pressing to ensure a 
smooth surface, and the dyeing, were all processes of great importance 
in the medieval economy, but the practices were seldom new. There 
was, how'e\'er, an interesting development in the preparation of 
alum (p. 266), w'hich had been used from very early times as a 
mordant to enable the dye to attach itself properly to the fabric. 

The history' of cotton and silk in the Middle Ages emphasizes once 
more the all-important connedon w'ilh the cast. Cotton manufacture 
was developed on a large scale in Spain by the Moors, whence it 
spread across Europe in the tw'dfth to fifteenth centuries as far as 
England, particularly in the form of fustian, a cheap cotton cloth 
with a linen warp, which derived its name from the Cairo suburb 
of Fostat. Cotton itself w'as to some extent grown in Italy, but the 
raw material came mainly from Syria, Egj'pt, and Cyprus* More 
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interest attaches to the development of the silk industry. There had 
been silk-weaving in Europe under the Roman empire from the 
second centurj' onwards^ but the raw material came exclusively from 
the Far East. Although the production of raw silk was attempted at 
B}^zantium under Justinian in the sixth century', when silkworm eggs 
were smuggled out of China—reputedly hidden in the staffs of two 
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Ncstorian monks—it was not until the tw'elfth century that it be¬ 
came firmly established in south Italy in imita^on of the Muslims 
of Spain. Lucca became the chief centre of manufacture, which 
flourished in many of the north Italian cities, and had begun to spread 
to France: silkworm eggs were among the trophies of the Italian 
wars of Francis L Britain, w'hich nev'er succeeded m producing the 
raw materia] on any appreciable scale, had no important silk manu- 
lacture until the great influx of Huguenot workers to Spitalfields and 
elsewhere when the Edict of Nantes was revoked in 1685* 

Under suitable conditions, i lb of spinning caterpillars pcld about 
12. lb of silk in a year, but ie filament loosened from the cocoons 
W'hcn they are stirred In warm water is extremely delicate, making 
it a day’s work by traditional methods to reel 1 lb of silk by winding 
from three to eight filaments together* The thread, which at this 
stage is so fine as to be almost invisible, is then twisted to prevent the 
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filaments from separating, and wound upon a spool, two or three 
threads being wound together to obtain uniform strength. But a 
further process intervenes between the spooling of the silk threads 
and the weaving—a tw isting and doubling process in which the con¬ 
tinuous silk filament is given any required degree of thickness. In 
thirteenth-century Italy the demands of this process gave rise to the 
first factories, silk-throwing mills operated by undershot water- 
wheels. Their secret was dosely guarded, but a fiftecnth-ccntutj 
sketch shows that the system was already iliat which (Sir) Thomas 
Lombe patented in Britain as iatc as 171S. A fixed wooden frame- 
w'ork held rows of spindles, with reels above, which were rotated by 
rubbing against the bths of an inner wooden frame turned by the 
wheel. The silk-throwmg mill received no substantial improvement 
until the nineteenth century. Its appearance is a great landmark in 
industrial history, since it required only tw^o or three operators to 
operate many hundreds of spindles and reels, which did the work 
that had previously been done by some hundreds of hand-throw'sters. 
It is interesting to note that China, the original home of the silk 
industry, had had a reeling-machine in the first century B.C., to 
w'hich a flyer was added by a.d. 1090, but the first use of water¬ 
power in ^e industry there seems almost exactly to coincide W'ith 
its use in the west. 

The improvements in textiles during the Middle .■\gcs arc not 
paralleled in the case of leather, the manufacture of which remained 
fundamentally unchanged (Fig* 36) though its uses continued to be 
extended. Two examples may be taken : one from its more strictly 
utilitarian purposes, w'hich included clothing, bottles and jugs, and 
most forms of luggage; the other, from an instance of the way in 
which leather scrv'cd the arts. The shoe-maker was called the cord- 
waincr because shoe-making was the principal use to which the 
superior or Spanish leather, came to be put. This was 

originally made by the Moors from the skin of the moufflon, a hairy 
sheep now' confined to the Mediterranean islands, but it was imitated 
in goat-skin all over Europe. In spite of his prestige In the community, 
w'liat die cordw'aincr produced was very like the modern slipper* 
The welt did not begin to come in until the fifteenth century; there 
were no heels until tow'ards i6oo, and the regular use of the high 
boot came even later. Cheaper footwear was made from oxhide* 

Our other example is from bookbinding, a craft where both the 
techniques and the stales developed in the Middle Ages still play a 
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large part. It is to the nionastencs that we ow^e such superb examples 
of leathercraft as theseii'crith-ccntury Stonyhurst Gospel which once 
lay in the coffin of St Cuthbert, and other glorious relics of the 
Ehrk Ages. As protective as it was ornamemal, this decorated leather 
binding on boards was originalLy worked with small tools and without 
regard to the time taken. By the fifteenth century, however, bind¬ 
ing was being done commercially, and metal templates were used so 
that designs could easily be re¬ 
peated* But it was notuntiUbout 
1600 that binding achieved its 
greatest splendours, when Europe 
learned, apparently from, the 
Moors, the art of gold-tooling. 

The leather is marked out first, 
and the gold-leaf impressed with 
a hot iron, all excess being wiped 
a^vay and carefully recovered. 

Gold w'as applied to edges in 
much the same way, but had 
subsequently to be polished with 
a small tool—which even in the 
mid-twentieth century is often 
made of the humble primeval 
flint. The use of so costly a metal 
was made possible only by its 
remarkable extensibility, which 
enables the gold-beater by re¬ 
peated hammerings between sheets of vellum to turn one ounce 
of metal intoi 250 sq. ft of gold-leaf. The art of gold-beating was 
known to the ancient Egyptians ► 

Although stretched leather had heen used for chair seats in ancient 
Egjpt, leather fumishitigs and upholstery in Europe belong not to 
the Middle Ages but to the sixteenth and seventeenth centuries. They 
may, how^ever, be mentioned here for convenience. Embossed 
Spanish leather for a time enjoyed a great vogue for hangings and 
nailed-on wall-coverings. It was not, however, proof against certain 
insect pests, and lost favour in France w'hen Colbert, in the later 
seventeenth ccntur)\ revived tapestsy'-making^ In England, too, it 
w^as replaced, by a wallpaper that looked like leather, but leather 
screens remained in favour, although they were eventually painted 
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rather than gilded and cmb<>sscd* Leather for the seats and backs of 
chairs was introduced in the sixteenth century, though its charac¬ 
teristic modem use for upholster^' cannot be traced back farther than 
about 1650. 

FURNITURE 

Turning to furniture in general, the effect of the fall of the Roman 
empire was to restore the supremacy of the carpenter. He built the 
houses of the early Middle Ages, just as he built almost everything 
else, and into the houses he put the essentials of hearty, clumsy 
furniture. It was only in Italy that the art of the joiner lingered on: 
there IS in tlie Vatican a cabinet, fitted with small drawers, which is 
named in an inventory of the eighth century. By contrast, the joiner 
was not seen in England until the thirteenth century, when planes 
reappeared s and tlie use of panelling, of w^hich there is an eighth- 
oentury specimen at Ravenna, had reached as far as Germany and 
the Low Countries. Panelling could be used to make furniture 
lighter and to save wood, but in the damp, cold north it had a par¬ 
ticular use for lining the w'alls with the wainscot oak imported by 
the Hansa merchants. To carry the wainscot overhead and so com¬ 
plete the lining of the room was the original meaning of‘ceiling*. 

Carving, painting, and gilding were ancillary crafts, the first of 
which was often practised by the joiner. The use of joined construc¬ 
tion made the w'Ork of carving easier, and much of the carving was 
repetitive, as when the gouge wnas employed to provide a pattern of 
flutes. But the turner was an independent maker of chairs, stools, 
and beds, w^hose common products changed little d uring the thousand 
years from early Saxon times to the seventeenth century. At the end 
of that time w'heel-lathes were becoming more common, but the 
pole-lathe, which some authorities think dates back to the Meso¬ 
potamian Bronze Age, was still in use (Fig. 3 7), The turner commonly 
decorated the legs or posts of the better-class furniture produced by 
the joiner, but he also made his own dowel-jointed furniture, which 
w^as much cheaper. 

Wicker chairs, of young willow^ shoots or osiers, were among the 
products of the basket-maker, whose trade was plied by many of 
the Huguenot refugees to England in 3685. A very' special type of 
chair, having an X-frame w'hich could fold, had a seat of stretched 
leather and much rich decoration, and w'as produced by the coffer- 
maker alongside his leather trunks. At the other extreme there wjas 
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the stick-faminire which carpenters put hptily together for the 
poor» It was made of thick slabs of woodj with splayed legSj which 
penetrated the seat and were fbced in position with wooden wedges, 
as was also the back. Beech, ash, elm, and oak were the oommonest 
material, and much of the work was done with the simple two- 
handled draw-knife. Stick-furniture was to be found all over Europe 
throughout the Middle Ages, in an unchanging funcdonal style affec¬ 
ted only by local materials and tastes. Meanwhile, from the superior 
craftsmen of Italy such arts as inlaying and veneering, as well as the 
use of mortise and tenon and dovetail joints, which had been highly 
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developed in Eg>pt as early as the third millennium s.C, spread 
slowly northwards* Even in the Middle Ages, Paris w’as the centre 
of an important luxury trade: during the Renaissance, French work¬ 
men began seriously to vie with the glories of the Italian style, w^hich 
under the aegis of Louis XI\" they finally surpassed. The vt)gue of 
large cupboards to house sumptuous clothes and of grandiose Iwds 
called mainly for traditional skills, but the new processes of enrich¬ 
ment included gilding—leaf gold hid over many successive coats of 
size and adhesive mbitiires—and marquetry carried out ^with varie¬ 
gated woods or other substances such as ivory and painted horn, 
tortoise-shell, pewter, and brass, A. C, Boullc s method of inlaying 
was to glue shell, brass, and other materials on to a framework of 
deal, but these tended to come unstuck; appHqu^so ^gilt bronze, added 
for ornament, often served to strengthen the piece. Upholstered 
chairs of different degrees of comfort played an important part m 
the criquette of Louis XIV’s court, but the rest of his furniture 
spread a fashion to lesser courts and more modest residences than 
Versailles. The Gobelins manufactory', presided over by Le Brun, 
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even had a special department for ouvrages dt la Chine^ a taste that 
^'as to recur at intervals for centuries: the lacquer used at this time 
had been invented by Dagly of Li^e, but a more perfect imitation 
of the Chinese and Japanese material was achieved by S. E. Martin 
in 1744. 

TEXTILES AND GLASS, 1500-I750 

It w ill have been noticed that this account of the domestic arts 
has already more than once strayed from the Middle Ages into the 
first centuries of modem history: there is, in fact, no clear dividing- 
line. The working of wood and leather continued mainly along tra¬ 
ditional lines, throughout the early modem period and far on into 
that later modem history which we think of as transformed by the 
industrial revolution. Even in the case of pottery, the discovery of 
the secret of Chinese porcelain at Meissen, near Dresden, in 1709, 
did not take full effect until the Wedgwood era, which lies well 
beyond our arbitrary dividing-line at 1750. There are, howe\er, two 
of the domestic arts which must now be considered further, namely 
textiles and glass-making, since both of them underwent develop¬ 
ments of the greatest importance betw een about 1500 and the middle 
of the eighteenth century. 

In the case of textiles, progress was not due to the use of some new 
material. Instead, the driving-force was the increased market for old 
materials—a larger market at home due to a rising standard of life 
from the Renaissance onwards, and the huge expanding market 
overseas which followed the great geographical discoveries. Linen 
continued to be more important than cotton: most of the calico 
used in Europe w as imported from India, while the most w idespread 
cotton manufacture of the Continent was the making of fustian. 
Though heard of in England in the later Middle Ages, the fustian 
industry was probably reintroduced by Flemish immigrants at the 
end of the sixteenth century; it is known to have existed in Lanca¬ 
shire in 1621. 

For the linen industry there were, as we have already noted, two 
main preliminaiy processes: the soaking of the woody stalk of the 
flax, and the separation of the fibre from the wood. Attempts at 
mechani«l separation began in 1664: by the early eighteenth century 
water-driven rollers were in use for breaking the flax, and the action 
of the knife or scutching blade, used to separate out the fibres, was 
reproduced by a series of spikes on a wheel, which was likewise 
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driven by water-power. Wool-combing, in contrast, remained purely 
a hand-operation, but the carding of the shorter fibres of wool was 
mechanized by three machines, all patented, significantly enough, 
in the same year, 1748. Two of these were hand-machines made by 
Le>^'is Paul. Daniel Bourn’s invention, on the contrary, envisaged 
the possible use of rollers driven by \%'ater-power, and, though it did 
not succeed, provided the pattern followed by later machines which 
were successful. 

Spinning, in contrast with wca\ing, remained the slowest of the 
basic textile processes. The only important change after the intro¬ 
duction of the flyer in the bter Middle Ages (p. 97) w’as the trea^e- 
whccl, which seems to have originated in England, or possibly 
Brunswick, in the early decades of the sixteenth century. The treadle 
worked from the front legs of the spinning-wheel. WTien it was 
pressed down, a loop of cord at the other end operated a connecting- 
rod and crank which turned the wheel. Two cords could be used, so 
as to drive the flyer as well as the bobbin on which the thread was 
w'ound; alternatively, the yarn itself dragged round the flyer. But it 
still took from three to five spinners to supply one weaver, a dis¬ 
parity which was increased (as we shall see) by the invention of the 
fljing shuttle in 1733, so that only five years later Lewis Paul, to¬ 
gether with John Wyatt, patented a scheme for machine-spinning. 
The thread was to be drawn out through pairs of rollers, each pair 
of which turned faster than its predecessor, and one pair at least 
would also impart a twist. Attempts were made to work this machine 
by donkev'-power and by a w'ater-wheel: they were unsuccessful, but 
a portent of things to come. 

In weaving, the increasing luxury of the age caused increasing 
attention to be given to the draw-loom, with which it was possible 
to produce all kinds of figured fabrics. It w’as first used in the east for 
silk-weav’ing, and came into Europe in the later Middle Ages in the 
silk-wea\’ing industries of Italy, and later of France. A pattern could 
be created by varying the number and position of the warp threads 
to be raised each time the w'caver passed the w’eft in its shuttle to and 
fro. In the draw-loom this was done by means of a figure-harness 
raised above the loom, from which cords descended, enabling a 
draw-boy to draw up the appropriate series of w’arp threads, which 
w ere held down by weights, for each successive passage of the weft. 
Although there are no medieval illustrations of draw-looms, the 
basic figured w’eaves were all developed then, mainly by imitation of 
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Islamic practice, though there was also a Bj-iaotine influence and a 
little direct imitation, of Chinese weaves. Thus satin tissues, daiiusks, 
and figured velvets, the last chiefly Italian, were established as 
luxury fabrics long before modern times ► 

The first important improvement was made about 1600 by the 
Lyons weaver Qaude E^angon, who introduced two dc^^ices which 
rendered the use of a very complicated machine easier^ Firstly, the 
cords were brought to the side of the machine, so that the draw'-boy 
might work from there, instead of perching precariously on top. 
Secondly, a lever was introduced to make it easier for the draw-boy 
to lift the w eights on the warp, and the number of loops w hich could 
be used to move the w'arp-threads was increased to 2,400. The 
appropriate loops w^erc knotted together to form the required shed 
for each passage of the weft, as selected by the assistant with the 
help of a paper pattern. There was naturally an interest in producing 
an automatic loom w'hich would save both the expense and the 
possibility of error involved in the employment of the draw-boy* 
Between 1725 and 1745 three devices were made in France, where 
figured weaves were in great demand, in each of which the desired 
pattern was arranged to correspond with the perforations in a roll 
of paper or card passed round a perforated cylinder: the cords were 
attached to a row of needles, which w'cre raised through the holes 
wherever a perforation occurred, thus automadcally selecting the 
required w'arp-thrcads and forming the pattern. After each passage 
of the woft the cylinder was turned to bring the next series of per¬ 
forations into position. The latest of these devices was constructed 
by a famous inventor, Jacques de Vaucanson, and though (like its 
predecessors) it proved too complicated for practical use, it is im¬ 
portant as the foundation for the wed-known Jacquard loom of the 
foUowhig century. 

Meanwhile there were other forward-pointing inventions* The 
origin of knitting is unknown, though it is clear that the firm texture 
of doth w'oven on primitive looms would encourage the develop¬ 
ment of a more elastic akemativc, if one could be devised from the 
same mateHaLs* Knitting on frames was practised among the Arabs 
before the Christian era, and is believed to have led gradually to the 
modem technique; the first knitting-needles were hooked, a 
still to be found in use among the shepherds of the Landes. In 1589 
a Nottinghamshire dergy^man, WTlliam Lee, devised the stocking- 
frame, in which the knitter manipulated a series of movable hooks 
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SO as to draw the stitches over a scries of fixed bools. For fear of 
creating unemployment the inventor was discouraged by Elizabeth I 
and James I, and took refuge in France; nevertheless, by the 
eighteenth century the *framc\ which was never pow'cr-driven, had 
become the basis of an important new domestic industry in England, 
especially in the cast Midlands. Another signliicant development at 
the end of the sixteenth century was a ribbon-loom, invented in 
Danzig, w^hich required no skill beyond the working of a bar and 
could produce up to half a dozen narrow^ weaves simultaneously* 
Although it seems to have been in use in London in i6i6 and at 
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Leiden in i6zo, its spread was handicapped both by popular rioting 
and by restrictive legislation; more than a hundred years later, an 
inventor at Basic, w ho devised a method of harnessing water-power 
to the narrow ribbon-loom, found his device prohibited. 

Finally, there was the fl>Hng shuttle (Fig* 3S), patented by John 
Kay, a Lancashire w'eaver working in Colchester, on z6 May 1733. 
This enabled the seated weaver to pass the shuttle in both directions 
across a piece of cloth far wider than the span of his own arms* It 
w^as operated by pulling alternately the ends of a cord, which were 
attached to two leather drivers or pickers made to slide along a metal 
rod. These knocked the shuttle, which ran on wheels from side to 
side along a batten* One w'caver could now do the work of two, pro¬ 
vided he was energetic enough to tend the threads of a double width 
of cloth as well as to throw the shuttle; he was encouraged to be so 
by the fact that his posture at the loom became for the first dme 
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healthily upright. Kay deKvcd little profit from this famous invcn- 
tioti, which was denounced by prejudiced weavers and pirated by 
unscrupuloiis employers! yet its immediate effect was to increase 
the pressure upon spinners to keep up with the weaver's demands for 
yam» and in the long run it stimulated the development of the power- 
loom, to w hich it was successfiiny adapted. 

The profitableness of the textile industry likewise produced im¬ 
provements in the finishing process. Gig-mills for raising the nap on 

cloth were in existence in the 
fifteenth century, and were first 
sketched by Leonardo da Vinci. 
By the seventeenth century the 
common pracdoe was to cover a 
roller with teazels; this rotated in 
one direction w^hile other rollers 
carried the cloth over it in the 
opposite direcdon {Fig. 39). The 
importance of soap in fulling, 
especially of w^Uen cloth, was 
one of the factors in the rapid 
growth of the soap-boiling in¬ 
dustry, which by the end of the 
seventeenth century had begun 
to use whale-oil, though the 
best qualities were sdll made 
with the olive oil of Mediterfanean countries. In dyeing, there 
w'as an important advance when it was discovered about 1615 that 
red cochineal could be turned into a bright scarlet by the use of a 
salt made by dissolving pewter in nitric acid: the active principle 
was the dn present in the pewter, which might then contain up to 
90 per cent, of this metal. Bleaching methods, however, were not 
substandally improved until just after 1750 (p. 536). 

The history of glass-maldng to a great extent resembles that of 
textiles. This period witnessed the spread of the highest crafts¬ 
manship from Italy into the north; an important growth in the 
market for the finished product^ though for obvious reasons export 
played a smaller part; and a series of technical improvements. In 
the case of glass, these last have the additional interest that they were 
not superseded at the coming of the industrial revoludon. 

Italian glass-making, of w hich the main centres were the Venetian 
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suburb of Murano and Altare, near Genoa, owed its reputarion 
at the end of the Middle Ages to three factors. Firstly, whereas 
northern Europe made its glass of local sands and alkali derived from 
vegetable ashes, the Italians used purer sources of both silica and 
soda. Secondly, they inherited the more refined technical tradition 
of the Mediterranean. Thirdly, and as a consequence, thej^ were 
making a beautiful dear cr>stal suitable for the finest vessels, while 
northern Europe continued to concentrate upon window-glass. This 
Italian cr>^tal, which was, however, seldom completely colourless, 
was gilded and then enamelled, coloured by the *cane technique 
(p. 86), or given a crazed surface by dipping it while srill hot 
into cold water. The only enrichment not commonly applied was 
engraving: much of the glass was icmJ' delicately thin for any 
cngraving-whccls available before the second half of the seventeenth 
century. Such glass had a great vogue abrt^, ^d Italian glass- 
workers w ere eventually induced to emigrate, in spite of penalties, so 
that by the third quarter of the sixteenth cenmry their art had spread 
across the Continent as far as Sweden and England. 

What glass-making looked like at this time is depicted in a Tuscan 
wall-painting, in which the iron^, shears, and tongs can be seen, 
with blowing in progress; in a big compartment above the furnart 
the glasses are slowly annealed by cooling. The^ expertness of me 
Italian glass-making deserved suck commemoration, for the bottle- 
and window-glass of the mid-Dventicth ^ntury is virtually idcntiral 
with the mixture that they had been using for their glass since e 

Middle Ages. ^ * ■ u 

As w'e have seen, it was well known even in Egyptian times chat 

rich colours will be imparted to glass by adding certain minerals to 
the melt. Ov'cr the centuries the art of glass coloration steadily im¬ 
proved, although it necessarily remained on an empirical basis until 
the development of modern chemistry made possible a proper under¬ 
standing of the processes involved. When so much of the glass in¬ 
dustry was concemtd with the manufacture of luxury artic es, grot 
attention was naturally paid to the production of clear colours. By 
mediev^d times the principal spectral colourscould be achieved [p. 951 * 
and inxermediate ones by suitable blending, but red long presented 
a particular difficulty. While there is somcevidenee that the AssjTia^ 
knew how to make a ruby glass by incorporating gold in the melt, 
the use of gold for this purpose is essentially a scvcnteenth-centup^ 
development. Glass-makers at Murano made a good red glass by 
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adding copp^ ojtide to the melt and heating it slm^ ly in the absence 
of air. This glass was called awaituritiQ (meaning ^chance*} and is 
an excellent example of the fortuitous element in technological pro- 
gress—an element which is of the first importance even today. 

In Engird it became necessary to develop an independent line in 
glass-m^ng as a result of a proclamation of 1615, which sought to 
economize timber by forbidding its use for ghss-fiimaci^. Hence 
the development of the coal-burtung furnace, with the fire laid on a 
grm of iron bam, which proved to yield higher temperatures than 
with wood. This in turn must have promoted the use of a covered 
pot, since sulphur compounds and smuts fi'om the cod would be 
liable to discolour the glass. More important, however, was the 
work of George Ravenscroft, who from 1675 onwards rivalled the 
Venetian crystal with his flint--gl3SSj. made fiom a mixture of potash, 
lead oxide, and calcined flints. This heavy lead crystal received a 
severe check, however, when the British government in 1745 began 
to tax glass by weight. Germany and Bohemia meanwhile produced 
another rival to the Venetian crystal in a potash-lime glass, heavy 
and colourless, and particularly suitable for engraving. A huge 
demand for dceply^ngmved gkvs was met by the use of a scries of 
copper cutting-wheels, ranging from about i to 10 cm in diameter, 
on which dripped a mixture of oil and abrasive. The wheels were 
usually foot-driven by a treadle, although water-power was some¬ 
times employed. 

The most important new' trade demand of the later seventeenth 
centuT)' was for the provision of plate glass in large sheets, only to be 
produced by casting. Colbert brought Italian workmen to blow glass 
for mirrors—such as arc to be seen at Versailles, built up from small 
sections and by no means free from distortion; others set up the 
manufacture a: about the same date in Lambeth. But the method 
of casting plate glass, though known to the Venetians, was first 
dcvelo^d by the gkss-imkcrs of Normandy under royal patronage. 
For this, about 2,000 lb of glass w'as introduced by stages into a 
crucible as big as a large hogshead, heated sufficiently to disperse the 
bubble, and then poured out on to the casting-table, which had 
mov-able gmd^ to determine the size of the sheet. WTiile still molten 
a state in which it remained for scarcely a minute, the glass w-as 
rolled to produce a sheet of even surface and uniform thickness. After 
a^eahng for about ten days, the surface was ground with a smaller 
plate of glass, and polished with a felt-covered board and roller. 
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In nuking mirrors^ which had acquired a practical importance for 
use in instruments of survey and navigation^ besides their use for 
decoration and the toilet^ the production of sheets of glass ifvith 
absolutely plane stirfaccs^ to give an undistorted image^ was not the 
only difliculty* True silvering—the deposition of a bright film of 
metallic silver by chemical methods—was not practised before the 
mid-nineteenth century* instead* the necessary' reflecting surface 
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behind the mirror was made of tin» This was a Venetian process, in 
which the clear and polished glass was coated with sheets of tinfoil, 
and mercury was poured on it, forming an amalgam* After several 
days the surplus mercury was drained off and the back of the mirror 
was varnished to protect It, 

By the eighteenth century a oone-shaped glass-furnace had be¬ 
come usual in England, Its merits were conceded by the French 
Encyclopaedists, as it brought all the air currents into a single upward 
movement, which made for a uniform and economical provision of 
heat; it also produced a cooling draught for the workers. But the 
German furnace, described by the metallurgist Agricola tW'O cen¬ 
turies earlier* was still the most usual typ<^ elsewhere (Fig, 4^). This 
had a single stoke-hole for the fire; a floor above, in which the gla^ 
w'as melted in pipe-clay pots; and a cooler chamber above that* in 
which glass-w'arc was annealed. 
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Not all the uses of glass in this period can be called domestic. 
Meution has already been made of the importance of mtrrora in 
optical instruments; that of the lens was still more fundameutalj and 
may be allDwcd to conclude this chapter. 

Although the nature of light was quite unlnowm until quite recent 
times, the study of optics is an ancient one. The law of reflection was 
certainly known as early as the fourth century B.C., and m the second 
century a.d. Ptolemy recognized that refraction was governed by 
a definite law, although the exact form of this w as not known for 
another 1,500 years. In the tenth century the Islamic philosopher 
Ibn al-'Haitham (Alhazen) was familiar with the properties not only 
oflcnscs and pbne mirrors but also of spherical and paraboloidal 
mirrors. This knowledge was passed on to the west through Latin 
translations of his work: among those it influenced were Robert 
Grosseteste and his younger contemporary, Roger Bacon, Although 
Bacon certainly experimented with the use of convex lenses for cor¬ 
recting defects of vision, the inventor of spectacles is not known. 
The invention w*as probably made about 1286, and by the early 
fourteenth century' their manufacture was wdl established at Venice. 
Early lenses were all convex and so could assist only long-sighted 
people: the concave lenses, necessary for the short-sighted, came 
nearly twro centuries later. From the use of lenses to correct defective 
vision, instruments were developed designed to extend the power 
even of perfect eyesight. The origin of the telescope is obscure : 
although it was certainly Galileo who, in i6oq, first made tliis into 
a scientific irtsirumenf, there is no doubt that there was a prior Dutch 
invention. The modern compound microscope, too, stems from the 
work of Galileo, though again he may have been anticipated by 
others. Theoretic^ optics developed rapidly and the underlying 
causes of tw'o major defects of lenses were quickly discovered. In 
1637 Descartes showed that spherical aberration (failure of the lens 
to give a rectilinear image) could be avoided if it were possible to 
grind lenses with paraboloidal surfaces; in 1671 New-ton’s famous 
cx^riments with the prism revealed the cause of chromatic aber¬ 
ration (light of different colours coming to a different focus). 

These developments made new demands on glass technology'. 
Firstly, it was necessary to remove all traces of cloudiness from glass 
used for optical purposes; and secondly, great care had to be taken 
to ehminate flaw's and bubbles, Galileo, and his pupil TorriccUi 
much advanced the tcchmqucs of grinding lenses with sphcricd 
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surfaces* using manual grinding and polishing* but paraboloidal sur¬ 
faces were not achieved until the eighteenth centur>L The cure of 
chromatic aberration, by using compound lenses made from two 
different types of gl^, also w^as not found until the eighteenth 
century: in the nieantime* however, a way round the difficulty had 
been found, in the case of optical uistrumcnts, by employing mirrors 
—which reflect light of all colours in precisely the same way—in 
place of lenses. Lens-grinding machines were in use by the middle 
of the seventeenth century. 
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THE EXTRACTION AND WORKING OF 
METALS 

THE EARLIEST USE OF METALS ^ THE BRONZE AGE 

T his subject has already been auttcipated both by the use of the 
terms ‘B^nze Age^ and ‘Iron Age' to cover main divisions of 
human history^ and in our accounts of food and other production 
for domestic needs* which was seen to advance beyond the most 
pnmitive stage only through the use of metal tools. The history 
of mefcd-working resembles that of textiles and pottery iu the 
astonishingly high artistic achievement of the early period. But 
the mining of the ores underground also marked an important new 
stage in the boldness of man s cxploitabon of his physical surround¬ 
ings, To the author of the book of Job, wTiting in about the fourth 
centuo^ B.C., probably with the copper-mines of the Arabah and 
Smai in mind, the work of the miner was still a superb example of 
technical ingenuity^ 

He purteth forth his hand upon the flinty rock; 

He overtumeih the mountains by the roots. 

He cutfcth out passages among the rocks j 
And his ej'e seeih every precious thing. 

He stoppeth the streams from flooding; 

And the thing that is hid brmgeth he forth to light 

The history of metal-working begins well before that of the extrac¬ 
tion of metals from their ores, for a number of metals, such as gold, 
occur naturally in theiruncombined state. The predous metals prob^ 
ably first attracted man's attention by their glitter and the same 
quality led to their extensive use for decorative purposes. Of metals 
useful mainly for strictly practical purposes, iron was literally heaven¬ 
sent, for iron from meteors was greatly prized for tool-making: 
much more recently, the iron in a meteor that fell in Greenland was 
utilized by Eskimos for more than a century. Copper was another 
metal originally known in its elementary state, thouith deoosits of 
this kind were soon eshansted and exiacrion from 
necessary'. 
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The utilization of ores involves tw'O separate processes: first, 
the separation of the metal from other elements with w'hich it is 
chemically combined; and second, the working-up of the metal into 
useful articles. Metallic ores are, in the chemical sense, extremely 
N'aricd, but in a large number of them the desired metal is combined 
with sulphur or oxygen ► To separate the metal it is necessary to provide 
an alternative partner for this sulphur, oxygen, or other constituents 
of the ore. Ln many instances carbon is most satisfactory for this pur¬ 
pose and, since the chemical reaction usually takes place only at 
high temperatures, the furnace plays a paramount part in metal 
extraction processes. Gurbon, which within the period we are now 
considering means almost invariably charcoal, provides both the 
means for reducing metals to their elementary state and the heat 
necessary for the reaction to take place. A further consequence of 
the high temperature is that the metal may be obtained in a molten 
condition and so can be run off from infusible impurities which re¬ 
main behind as a slag; sometimes a flux is added to facilitate slag 
formation. 

How such a rebtively complicated process was first evolved by 
primitive man must be a matter for speculation, but there is at least 
plausibility in the suggestion that the first ore smelted was malachite, a 
green carbonate of copper^This ore occurs fairly widely in the Middle 
East^ and from at least as early as the fifth millennium b.c, was used 
as a pigment, especially as a cosmetic for painting the lower eye-lid. 
Malachite is particularly osily reduced to copper, and if a little of 
the ore were dropped into a fierce wood fire a bead of copper would 
result. From such a chance discovery might have arisen the deliber¬ 
ate smelting of malachite and thence of other copper ores. 

As regards the working-up of the metal, there were two main 
possibilJties. One, w'hich went back to the very earliest daj'S, when 
man experimented with finds of pure metal which needed no smelt¬ 
ing, was simply to shape the metal with hammer and anvil; at a 
vety early stage it was discovered that hammering hardened the 
metal, but that if desired it could be made soft again by renewed 
hearing. The other way of shaping the metal for use was to pour 
it while molten into a mould, giving it a rough shape w'hich could 
be finished with the hammer. It appears that the ancient practice 
was to rcmelt metal for casting rather than to cast it straight from 
the furnace. 

The above description applies to the principal metals and their 
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alloys^ except for iron^ which will be considered later (p, 120), Of 
the others it may be appropriate to begin with the preparation of 
gold and silver, since, although the use of gold in the Near East did 
not necessarily precede that of copper, it quite frequently occurred 
in a form pure enough for immediate wwking. Gold in small quan¬ 
tities w as to be found in many parts of the ancient vi^orld, such as the 
Caucasus, where the practice of straining alluvial deposits through 
w ool is believed to be the origin of the legend of the Golden Fleece, 
Egypt, however, had something like a monopoly of its production 

more than a hundred gold“niines in the Nubian desert, and others 
in the Eastern deserts Silver was the characteristic product not of 
Egypt but of north-cast Asia Minor, the district associated with the 
HittJtes, the name of whose capital was written with the ideograph 
for silver. Silver and lead were found together in the mineral galena 
(lead sulphide), which could be converted into a lead-silver alloy 
by roasting it to get rid of some of the sulphur and then heating it 
to a higher temperature, which funher reduced the sulphur content 
and caused the alloy to form at the bottom of the furnace: the 
charcoal fuel prevented reoitidarion. Sometimes, too, metallic silver 
underby the seams of galena. The silver-lead alloy was melted in a 
porous clay crucible (the cupel) and a blast of air was blown upon it. 
The lead was thus oxidized and removed, the completion of the pro¬ 
cess being indicated by the sudden appearance of a shining button of 
silver, Cupellation, which was probably introduced about jooo- 
2500 B.c, was also employed to refine gold. The impure gold w^as 
mixed with lead and fused in the cupel; the lead and impurities were 
then removed by the air blast. 

Silver and gold became standards of value, but weights and bars of 
copper and lead were used even earlier for the same purpose and 
continued to be circubted more frequently than the precious metals 
in actual payments. Copper was the first of the useful metaU. Since 
native copper is rarely found in quantity, although lumps weighing 
several hundred tons are not unknown, its widespread use presup¬ 
poses widespread mining, such as occurred in Asia Minor, Armenia, 
and Elam, from which the Sumerians received it as early as 3500 B.c, * 
in the island of Cyprus, whence the peoples of Italy imported it and 
named \i cuprum\ in the Egyptian centres described in the book of 
Job; and in many parts of Europe. In the earliest days stone took were 
used by the miners; later, bronze ones. The vein of ore w'as by pre¬ 
ference followed horbontally into the rock, occasionally for as much 
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as 50 yds; but relics in Hungary reveal vertical shafts up to 6 ft in 
diameter, someiinics duplicated to provide ventilation, with access 
by notched tree-stems and even, in one case, a three-spoked wind¬ 
lass. Miners worked by the piLlar-and-stalL method, leaving pillars 
of ore intact to support the roofs of the passages which they cut into 
the vein. Where rock w^as a serious obstacle they broke it up by 
fire-setting, that is, lighting a fire to heat the rock, which could then 
be splintered by throwing on cold water. Early methods of mining 
metallic ores doubtless owed much to the practice of flint-miners, 
who had learnt to %vork at depths of about 30 to 40 ft (p, 6)* 

The extraction of metal from the w'idely different types of copper 
ore involved complicated smelting prooesses. In the eastern Alps, 
for instance, where some 20,000 tons of copper arc believed to have 
been produced in the period 1300-S00 b.c., ore and fuel were 
piled together for smelting, and after three successive stages of re¬ 
finement, the copper was still only about 95 per cent. pure. For ftir- 
ther purification, it was necessary to melt the copper with charcoal 
and apply a blast of air. 

Although there was apparently a true Copper Age in Egypt up to 
about 2000 B.C,, that is to say, a period during which pure copper w^as 
utilized, the history of the use of this metal was from a very early 
date inextricably linked with chat of tin* Gipper of such puritj* as 
was yielded by ancient processes is a rebtively soft metal; certain of 
its alloys therefore had far greater practical value. Outstanding among 
these was bronze, the alloy of copper and tin, its precise properties 
depending on the relative proportions of the two metals. The origin 
of bronze is uncertain, and may well have been different in different 
places, but it is reasonable to suppose that it was first discovered by 
the accidental smelting of mixed ores of copper and tin, such as are 
known to occur; not until very much later were different species of 
ore clearly distinguished. Before long, however, copper and tin ores 
were being deliberately mixed in predetermined proportions by 
European smelters. 

An alternative way of obtaining bronze is to melt together definite 
quantities of metallic copper and tin, and this course seems to have 
been followed in the Near East. It is easy to extract quite pure tin 
from its principal ore, cassiterite, and the making of tin seems by 
1500 B.c. at latest to have been well established in Europe, whence 
it was exported to the Near East. The notion of mixing tin 
with copper may have been another accident: it was not clearly 
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distinguished from lead, which was already being added to copper 
to render its casting easier. 

Another metal often alloyed copper to mate a bronze was 
antimony, derived from Caucasian oresj arsenic, too, was sometimes 
used by the Egyptians.. Zinc-containing bronzes arc well known, but 
as this metal was not clearly distingnished until the sixteenth century 
A.D., at earliest, its presence in ancient bronzes is presumably acci¬ 
dental. Analysis of such bronzes reveals the occurrence of many 
other metals that must have been present as impunties in the original 
ore and w'Crc simply carried through the smelting process; their 
presence must often have influenced the properties of the alloy. 

As compared with flint implements, those ofeopper or bronze were 
not necessarily sharper, but they lasted longer, w'ere much less 
brittle, and could be made in any shape desired^ The smallest and 
simplest copper implements were forged direct from a lump of 
metal, but it was more usual to pour molten copper into a mould of 
stone or day to give it its rough shape: for this purpose bronze w^as 
more convenient than copper because of its lower melting-point. Then 
the material was worked up by a series of hammerings, interspersed 
by annealings when it became too w^ork-hardened; a careful final 
hammering gave the edge to axe, dagger, or other implement. Cast¬ 
ing from a tw o-part mould (Fig, 41), which could give an all-round 
impress to the metal and then be opened up for its removal, was 
difficult with pure copper, because it absorbed gases which made 
blow-holes on cooUng and so spoilt the castings: with bronze, how ¬ 
ever, it was fully practicable. The parts of the mould itself might be 
made of bronze (for accuracy) as well as the more usual stone, clay, 
or pottery j a tool or w'eapon could also be provided with a socket for 
a handle by the insertian of a clay core in the mould. 

The finest bronze castings were made by the cire ptrdue or waste- 
wax process, the basis of w hich was the use of modeUed wax inside 
the clay mould to fill the volume intended for the metah When the 
mould was baked, the w^ax melted and escaped, leaving prearranged 
channels to admit the molten bronze; the mould was broken off 
after the metal had cooled. 

The Bronze Age was characterized by the production of many of 
the craft tools of today: for example, the heavy sledge-hammer, the 
shaft-hole chopper-axe, the cold chisel, and the orpenter's rasp. 
As for weapons, the sword developed out of the dagger early in the 
Bronze Age; socketed spear-heads were introduced; and the decora- 
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tion of battlc-33fes, to be judged by specimens from both Hungary 
and Persia, crosses the border-line betv^een implements of use and 
worts of art* 

The contents of the royal cemetery of Ur, dating from the first 
half of the third millennium B.c.,show that all but half a dozen of 
the metal-working processes of today were already in use. Thrce- 
or four-pieced clay moulds wxre commonly employed. Qay modeb 
sometimes provided the original shape for the mould, and where a 
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from it, Ugftrit, f. 1300 b.C, 


large figure was concerned a core of some cheap substance was 
placed inside, so that the casting was hollow. For the largest castiiigs 
of all, such as the huge basin of bronze which Hiram of Tyre rnadc 
for Solomon’s temple, the mould was csccavated in a convenient 
patch of clay i ‘In the Plain of Jordan did the king them, m the 
clay ground betw'oen Succoth and Zarethan’ (i Kings viL 46). A 
thousand years or more of expert bronze-founding made possible 
the Egj'ptian renaissance in the seventh century B.C., and the bronze- 
wort of classical Greece which followed. Bowls, were beaten from 
sheet metal by cold-forging, with frequent annealings to diminish 
work-hardening, and a type of statue was laboriously worked and 
chased from copper sheets nailed to a w'ooden core or frame. The 
earliest examples are some figures of bulls, about 2 ft in height and 
lengi, together with a panel m relief, all in copper and made m 
Mesopotamia in the fourth millennium B.Cj from Egypt, in the 
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same material^ there is a {now fragmentarj.'^) lirc-^;Lze statue of an 
Eg>^dan pharaoh who reigned about 2300 B.C 

Much more might be said about the advanced technology of this 
early period. There was, for instance^ extensive use of repeuss^ 
worh—reliefs in sheet metal built up by punching from the back. 
Thus the cemetery at Ur contains a number of gold figurines of ani¬ 
mals made of sheet gold a few thousandths of an inch thick^ w'orked 
into high relief by a series of beatings and burnishings interspersed 
with the necessary^ annealings. Mention has just been made of the 
use of nails to fasten sheet metal on wood: nails or rivets were also 
used to fasten together pieces of metal, but brazing or soldering 
was the commonest method of joining. 

Filigree, granulation, and the use of inlays were all developed in 
this period. The wire for the filigree had in the first instance to be 
made by cutting a continuous narrow strip from the edge of a cir¬ 
cular sheet of metal: drawing wire through dies was known in 2500 
B.c. Granulation h less common, but occurs in Tutankhamen's 
tomb: it was done by soldering tiny globules of metal to a base, a 
task of the utmost delicacy^ work, formed in open-fronted 

cells of metal strip, was used as settings for precious stones. First 
devised by the Sumerians, it was brought to a climax in Egypt, as, for 
instance, on Tutankhamen’s a>lbrctte. This prodigal art spread also 
to Europe. Graves at Mycenae have yielded bronze daggers from the 
sixteenth century B,c, wuth metal inlays portraying in gold, elcctnim 
(gold-silver alloy), and silver such scenes as a lion-hunt; but Homer 
himself, whose distant heroes sleep in those graves, belonged to the 
new^ age in w'hJch ‘the iron of itself draw's a man on\ 

THE EARLY IRON AGE OF GREECE AND ROME 

The Bronze Age had rested upon two difficult techniques: the 
miner's w ort in the dark bow'eis of the earth, and the smelting to¬ 
other or mixing together of two metals (one of w hich, tin, w as alw ays 
in short supply) to form an alloy. Since iron ore, in the form of bog- 
ore, wM plentiful enough on the surface to dispense for a veiy^ long 
time with any need of mining, and since the metal had multifarious 
uses without admixture, it is at first sight surprising that the long 
Iron Age dawned so Uce. For it does not really begin until about 
12W B.C., when the destruction of the Hittite empire scattered the 
smiths, though a few pieces of man-made iron were in circulation 
before 2500 b.c., and iron ornaments and ceremonial weapons soon 
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after 2000 S,C. Two reasons may be suggested for the delay. The 
early finds of meteoric iron (p. 114) would not prompt any inquiry 
into tJ^e iron ore of the earthy with which they had noobviotis con¬ 
nexion, Moreover, an experimental smelting of iron ore to sec if it 
behaved like ores of copper or other knowTi metals would be most 
discouraging: because pure iron melts at 1,535° (compared with 
1,083“ C' copper), experiments in smelting it w ould produce only 
a mass of slag and cinders concealing unmelted globules of iron. 
Until the introduction of the blast-furnace in the Middle Ages there 
was no means of producing molten iron for castings though from 
pre-Christian times the furnace temperature was increased cither 
by securing a better natural draught or by using bellows. Repeated 
hammerings at red heat were required in order to beat most of the 
slag out of the bloom of crude iron, before it was usable. 

But the wTought iron so obtained, though tougher than other 
available metals, would not take a satisfactorily sha^ edge: this was 
obtainable only 'ivith steel, iron containing approximately 015^1 “5 
per cent, of carbon and no residual slag. The problem was only half 
solved by the invention of cementation, apparently by the *Chaly- 
bes’ of Asia Minor, a subject-tribe of the Hittite empire, in about 
1400 B.C.; this w^ a process for steeling wroughtriron bars by re¬ 
peated hammerings and heatings in direct contact with charcoal, 
which din uses carbon into the surface regions of ihc metal. Some 
exceptional iron ores yield steel directly if the smelting process is 
sufficiently elaborated - it was obtained in ihh w^y—but much later, 
about 500 B.C. —in the central European region of Styna. and Carin- 
thia, the Roman Noricum. Meanwhile, it had still to be learnt that 
steel required to be further hardened by quenching the hot metal in 
cold water, the clfect of which upon copper or bronic, which had 
already been in use for a thousand years or more, w as to make it 
softer. This tempering process seems to have originated about two 
centuries after cementation. Thus it was not until the last millen¬ 
nium B.C, that ancient iron metallurgy reached its height, and even 
then it was the nactallurgy of the smith with his hammer and 
his bellow's, cast iron being virtually unobtainable with the small 
furnaces and low temperatures of that period. 

Iron began as an ornament, and then slowdy became the material 
for swords and daggers. Iron spear-heads were difficult to make 
because of the need for a socket, not easily achieved except by cast¬ 
ing, and iron battle-axes seem to have been rare, though one has 
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b«n found in Syria dating from about 1300 b,c; it had a socket of 
gold and copper. But the sword was the main gift of the early Iron 
AgCj for bronze was comparatively brittle. The force of the stroke 
was now lunitcd only by the strength of the human arm; hence the 
great power of the iron-girr Assyrians when they came down *likc 
the wolf on the fold\ 

New' tools of the Iron Age included the hinged tongs without 
which the smithes w'ork would have been impossible,anvils for making 
nailsi, wire-drawing dies, and frame-saws almost identical with the 
modem hack-saw. The iron file was useful in evtty kind of metal¬ 
working, w hereas the earlier bronze file bad been little more than a 
carpenter^s rasp. In general, as iron could be made harder, so the 
older types of tools w'erc improved, until most small band-tooU had 
something of the quality as well as the traditional shape that they 
have today. 

But w'e must beware of exaggeration and anticipation. The new 
metal was used first for weapons; then for the hoe and the axe and 
pick of the farm and mine; lastly* for the improved tools that we 
have been describing. Words are deceptive: the iron of early classical 
Greece, which was not considered suitable* apparendy* for plough¬ 
shares, was evidently a veiy' inferior metal compared with the properly 
hardened and tempered material that served the Roman legions 
about the beginning of the Christian era. Nevertheless, the Greek 
cirilization of the sixth century b.c. w'as founded upon iron, while 
the spread of Roman power, which eventually carried that ci^illza- 
tton to the farthest limits of the w'estem world, was associated with 
iron throughout its long history. Iron-minra which the Etruscans 
started in Tuscany and Elba about 900 b.c. early attracted the 
covetousness of the Romans, and there were few' of the imperial 
provinces from Spain to alpine Noricum and Dalmatia where iron- 
mining was not among the certain rewards of* and probable inccn- 
rives to* conquest* 

In a suPi'cy* how'ever brief, of mining in the classical w'orld* pride 
of place must be given to the silver-mines of Laurion, which the 
Athenians worked from 600 b.c. after a much earlier Mycenaean 
exploitation* Large mines were nearly always worked by prisoners, 
including prisoncrs-of-war, whose lives and limbs were deemed en¬ 
tirely expendable. But the Imagination is caught by the contrast 
between the admired democracy of Athens and these slave-w orked 
Attic mines, from which that democracy derived a considerable part 
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of its wealth and consequent kisure. The ore wus mostly galena, 
producing about 60 oz. of silver to the ton. Extraction was in two 
stages. First, the silver-lead alloy obtained by smelting was repeatedly 
melted and allow-ed to cryst^lize, when almost pure lead first 
separated* When the silver content had risen to between i and 2 per 
cent,, the silver was extracted by cupellation* It was not very 
efficiently done, however, and the slag-heaps were subsequently re¬ 
worked with profit more than once, as in many other old mining 
areas, including the lead-mines 
which were worked for three 
centuries on Mendip during the 
Roman occupation of Britain. 

By about the end of the first 
century A.D., when work at 
Laurion ceased until modem 
times, some 2,000 shafts had 
been sunk, the deepest reaching 
to about 350 ft. Access was by 
3. series of ladders or notched 
tree trunks, fixed to the sides 
of the shafts, the ore being 
hauled up by rope and pulley in the middle. The roofs of the gal¬ 
leries w'ere supported by leaving pillars of poorer ore unworked. 
Ventilation was achieved by having parallel galleries, ventilation 
doors, and sometimes fires to increase the draught. The miners 
worked by lamplight with pick and basket (Fig. 42). On reaching the 
surface, the ore was ground to powder and then washed to separate 
the heavy particles of ore from fighter rocki this process of ore- 
ooncentradon had been practised by gold-miners in Egypt as early 
as 3000 B.c. 

Roman nuning is distinguished above all by its scale and extent 
(Fig, 43), Even in remote Britain they regularly exploited lead (with 
its silver), copper, iron, and tin* Condemned criminals {damnati in 
tftetallum) and slaves were probably a declining element in the total 
labour force as compared with the free native bbour available in every 
province; a miner began to he recognized as a skilled craftsman* The 
most important technical advance made by the Romans was to apply 
both the Archimedean screw and the scoop-wheel to mme dramage. 
The former may have originated for irrigation m Egypt before the 
time of Archimedes; in any case it was the Romans who made the 
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cochlea (vh'ater-snaU), as they called it from its shapCj into a regular 
mining instrument. As for the latter, at one of the Rio Tinto copper- 
mines the water was raised to a total height of nearly too ft by 
employing eight successive pairs of scoop-wheels powered by troad- 
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mills. Few surface deposits of ore were overlooked by the Romans, 
but deeper strata, even if located, could not be profitably exploited 
w hen shortage of labour became an acute problem, as it did in the 
last centuries of the empire*s history. Moreover, the extraction of 
metals from their ores, to which we now turn, still depended upon 
ch^coaJ smelting, which became increasingly expensive with the 
serious deforestation of the Mediterranean area. 

One important development in Roman metallurgy W’as the use of 
mcroj^' for the extraction of gold. About the beginning of the 
Christian era mcrcuiy produced for the first time in Spin by 
distillation, its ore (usually the sulphide) being roasted in a furnace 
fitted wifo a simple dexice to condense the ^-apour* Gold occurs 
not only in the aJIuvbl form already mentioned (p. ii6), which can 
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be separated by the panning methods still employed in the gold rushes 
of modern dmes, but also as an ore sparsely distributed in hard 
roct. To extract this gold the Romans cnished the ore and then 
treated it Tjvith mercury, in which the gold became dissolved as an 
amalgam. The mercury was then filtered through leather and dis¬ 
tilled^ the gold was left behind in the stiU, and the dUtUlate of mer¬ 
cury recovered for further use. The Romans also increased their 
production of gold and silver by extracting them from copper by the 
liquation process. This depends on the fact that, when copper is 
melted together with a large quantit}^ of lead, they do not dissolve 
in each other but form two immiscible liquids, like oil and water. 
Precious metals present in the copper become transferred to the 
lead, from which they are recoverable by cupcllation. 

In the mining of tin the most important change was the closing of 
the Spanish mines about the middle of the third century a.d., and 
the exhaustion of sources of stream-tin generally. In consequence the 
vein-ore in Cornwall, which had been mined since the third millen¬ 
nium B.C., giving rise to the name "^the British metaF, began to be ex¬ 
ploited with a new vigour. Some of the tin was compounded with 
30 per cent, of lead to make pewter, which was popubr for vessels 
used in Roman households; in the Middle Ages the proportion of tin 
in pew'ter was a good deal smaller. But most of it w^as devoted to the 
making of bronze, for which the Romans exploited a very rich supply 
of copper in Spain. Copper was exported as far alicld as India, and 
the making of copper- and bronze-ware was developed on a factory 
basis at Capuaj the uniform products from which are found not only 
throughout Italy but even as far away as Finland. A new alloy was 
brass. This, a variably composed alloy of copper and zinc, may 
possibly be identified with the 'white bronze* that was used to em¬ 
bellish the palace doors of Sargon 11 , but it did not reach the west 
unti] the time of Augustus, who struck a brass coinage : even then, 
it continued to be at least six times as e.xj>ensive as copper, and in 
some parts of the ancient w'Orld it was more highly valued than 
silver* Until the sixteenth century a.p. pure zinc was unknow-n; brass 
Was made by a cementation process, in which calamine (zinc car¬ 
bonate), copper, and charcoal were roasted together* 

European iron metallurgy had its first main centre from the 
tenth century B.c, in Noricum, to whicli it had spread from the 
Hittite empire. After about 400 years the centre moved to the Celtic 
lands, and especially to Spain, where the smiths developed the 
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Catdan iron furnace, in which tw'o pairs of bellows were used 
altematety so as to maintain a constant blast. There were also tw^o- 
storicd shaft-furnaces, the narrow- lower part being filled with char¬ 
coal, the wider upper part with ore and charcoal mixed^ The Catalan 
fiimace produced a malleable iron direct, the shafc-fimiiace a more 
highly carbonized bloom, which required subsequent forging; in 
neither case was the temperature high enough to produce liquid 
iron for casting. Some steel was produced direct from the iron-ore 
of Noricum; more was made by the cementation process already 
described (p. tzi}. But the best steel known to the Romans was the 
so-called ^Seiic iron\ which they supposed to be Chinese; it was 
actually Sjvoocz^— a high-carbon crucible steel, made in round cakes 
a few inches in diameter, which reached Rome via Ab}'ssinia from 
southern India, its name being probably a corruption of the Kana- 
rcse word for steel 

Though the exploitation of metals by the Greeks and Romans in¬ 
volved relatively few new processes and was never conducted on a 
sufHdcntly targe scale to produce an industrial rev-olution, or even 
a concentration of industry in the modern sense, it nevertheless left 
important marks on the arts both of war and peace. 

The defensive armour and shield of the Greet hoplite were made 
of bronze, but his main weapons were a p-ft spear tipped with iron 
and a short, straight iron sword* The Romans were originally 
equipped as the Greeks, but the legions c\'entua]ly developed the 
use of an iron cuirass, made of jointed plates and strips overlapped for 
extra strength. They used a longer sw'ord, but their main weapon was 
a throwing-spear of the same length as the Greek sprar, but divided 
equally between a w-ooden shaft and an iron, head* The two halves 
were originally riveted together,, but later a wooden pin, w'hlch broke 
on impact, was used in order that the weapon should be rendered 
useless to the enemy; the same object was afterwards achieved by 
making the iron soft enough to bend below- the point* The use of 
cavaliy- was taught to the west by the east, but the famous ca^-airy 
squadrons of Alexander the Great wore hca™r armour than the 
hoplites. Three centuries bter the Parthian cataphracts who defeated 
the Roman attempts to extend their empire beyond the Euphrates, 
w'crc not only fully armoured themselves but had similar protection 
for their horses. Both their armour and their bow—with which on 
redring they fired the famous Parthian shot—were subsequently 
imitated by the Romans* 
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Neither the cross-bow nor the various forms of twisted-rope 
artillery^ in which the Komans followed Carthaginian^ and especially 
Greek* practice, were built of metal, though the arrow had an iron 
tip and the catapult sometimes fired an iron-headed dart weighing 
about 6 Ib (p. 248). In the days of the Assyrians, how ever, sieges had 
bccQ dominated by the battering-ram with its heavy iron head. They 
generally mounted it on wheels- the Greeks added a high timber 
framework for swinging the ram pendulum-fashion, the Romans a 
terebra to bore into the battered wall or ^te. But resistance to siege 
was an art in which the Romans were past mastcra* The great walls 
w hich they left behind them bet^veen the Danube and the Main and 
across northern Britain are a reminder of this. So are the marks of 
the temporary encampments, each with its ditch and lampait, which 
the legionariK were taught to erect for themselves almost as a matter 
of course w ich the iron tools they carried on the march. 

The structural use of iron in the classical period is mentioned 
elscw^hcre (pp* 165, i66); greater interest attaches to the use of metals 
in small works of art, w'here the Greeks and Etruscans set an 
astonishingly high standard of production for Rome to imitate. 
Inspiration stiU came from the east: the Greeks of the fifth century 
B.c, for example, were deeply Infiuenoed by the jewelled metal¬ 
work of the Persian court. But the Greeks and the Etruscans often 
improved upon their oriental masters—as, for instance, in the deli¬ 
cacy of their granulation and filigree work. The work of the Romans 
is perhaps less subtle, though they understood how to do repouss/ 
work on silver so as to maxitTUze the play of light: the massive gold 
medallions of their emperors are a more characterisric achievement. 

As regards new' techniques of ornamentation, Europe in the late 
Mycenaean period provided the first specimens of true enamel-w'ork, 
that is, vitreous material fused on to a metallic base, which appears 
in the decoration of some gold rin^ presen ed in Cyprus. They w^e 
made by firing tiny fragments of broken glass, arranged as a disk 
inride the round chissns of gold. Similar small spots of enamel were 
used by the Greeks from the sixth or fifth century onwards, and later 
by the Celts. New- in scale and material, if nor strictly speaking in 
technique, w^cre the great Greek chrv^selephantinc statues (p. 15), 
the Parthenon Athene and Olympian Zeus, Ivory vras used to simu¬ 
late flesh, and the draperies were made of sheets of beaten gold, 
and could be removed. In the third century B.C, the same kind of 
r^pouni work w-as used for the bronze plates which were laid over 
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columns of stone to form the 124-ft high image of the sun god, 
knoMvm as the G)lossus of Rhodes. The Greeks also achic\'cd re¬ 
markable success in the casting of large figures in bronze, using a 
number of clay moulds and afterw-ards riveting or welding the parts 
together. 

The use of coins, which appears to have developed at about the 
same time, but independently, in the Far and Near East, became 
known to the Greek merchants of Asia Minor as a practice intro¬ 
duced by Lydian kings, who had stamped their lionVhead badge 
upon ingots of electrum having a standard weight and fineness. 
According to tradition, the mainland Greeks first minted silver soon 
after 700 b.c at Aegina, where silver pieces of a given weight were 
stamped with a turtle. The device was cut in reverse form with 
hammer and chasing tools on to a piece of bronze or iron, which was 
recessed in an anvil; a disk of the metal to be coined was then struck 
into the recess with a plain punch. But w ithin a centurv' it was thought 
desirable to mark both sides of the coin, so a second device was cut, 
into the head of the punch. The blank disks for coining were cast 
by pouring metal into a series of shallow depressions in baked clay 
or stone. The design being in very high relief, it required great force 
to bring it out properly. Nevertheless, it seems remarkable that 
traditions of die-cutting and minting, unlike many of the finer 
techniques of classical mctal-work, did not surv ive the fall of the 
Roman empire in the west, an event which was foreshadowed as 
early as the third centtiry by a decline in metallurgical output. 

METAL-WORKING IN THE MIDDLE AGES 

Practically nothing is known about mining in the Dark Ages, not 
even whether the coins issued by Anglo-Saxon and Carolingian 
monarchs were made from old metal or from the products of new 
mining. By the time of Charlemagne, the great Spanish mines had 
passed into the hands of the Moors; output at first declined, but it 
was the Moors who discovered means of utilizing sulphide ores of 
copper, from which they obtained copper sulphate by oxidization. 
When the sulphate was dissolved in water and run over iron, pure 
copper was deposited. But the severance of Spain from iMediter- 
ranean Christendom is perhaps more important as part of the pro¬ 
cess by which, when the scene becomes clear again, the centre of 
European mining is found to have been transferred to the Saxon 
miners of central Europe. They were at work in the Harz mountains 
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before A.D. 1000, at Freiberg about 1170, and in the foUo>^ing cen¬ 
tury as far afield as Hungary'. 

By’ a fortunate chance the mining methods in vogue in the later 
Middle Ages have been thoroughly recorded by an outside skilled 
obser\'er—such as is almost wholly lacking in the earlier history of 
technology’. The observer w’as the phy’sician Georg Bauer (commonly 
Latinized as .Agricola), a Saxon who had studied medicine in Italy 
but practised in the Bohemian mining district of Joachimsthal. In 
his day this was famous chiefly for silver, which had been found there 
in 1516 in such profusion that the valley gave its name to a silver 
coin known as the thaler ^ the eponym of the modem dollar. But as the 
district had long been famous for the mining of base metals (it is 
today famous for uranium), the twelve books of the De re metalljca^ 
published in 1556, are a fair guide to late medieval methods in a 
strongly traditional industry. 

Agricola tells us that the section of the mine-shaft was normally 
about 10 ft by a little over 1 ft. His fine illustrations of equipment 
show that it was not very different from that of earlier periods, ex¬ 
cept for a truck designed to run in a giwve (p. 212). He regards the 
v^indlass as the normal means of hauling the ore up the shaft, and 
records the use of geared wheels and the horse-whim for large loads 
(Fig. 44). He is aware of problems of mine ventilation, of d^gcrous 
conditions in which ‘burning lamps arc also extinguished, and of 
workings abandoned on account of poisonous ‘damps or bad air; 
he reports the use of revolving fans and bellows. It is clear that the 
water-wheel was a normal source of power (Fig. 45)* 

From the standpioint of later history’, however, most interest 
attaches to Agricola’s very detailed consideration of problems of 
mine drainage, which had held up development, especially in Saxony, 
in the preceding century. He mentions as a ‘se\’enth kind of pump 
invented ten y’ears ago* a sequence of three suction pumps raising 
the water in succession, all of which had their piston rods drawn 
up by a single water-wheel 15 high. Sina alx)ut 30 ft Vi2s the 
maximum height to which the suction of a single pump could draw 
vs'ater (p. 313)1 resort was had to the rag-and-chain pump, which 
had been in existence long enough for six different \arictics to be 
described by Agricola. The carefully stuffed balls w’crc fixed at inter¬ 
vals on the chain, and on entering the barrel of the pump each in turn 
acted as a one-way piston, driv’ing up the water before it. Agncola in¬ 
stances a series of three such pumps at Chemmtz, in the Carpathians, 
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worked by iiincty'^ii horses to a depth of 660 fL ^These horses go 
down 10 the machines by an Inclined shaft, which slopes and twnsts 
like a screw and graduotty descends.* Such elaborate contrivances 
are evidence that, by the close of the Middle Ages, mining had be¬ 
come a highly profitable industry. They' are also evidence that 
among the miners themselves there w ere groups of technicians com¬ 
petent to develop and operate oompilcaccd machinery. 

In metal-w'orking, as distinct from the mining of metallic ores, a 
decline began before the fall of the Roman empire in the west and 
continued In the Dark Ages, Surviving material has not yet been at 
all fully examined j but it would appear chat the w orking of other 
metals was interrupted more seriously than that of Iron; no darkness 
could obscure the need for tools and weapons. Skills that had been 
practised in Roman Gaul survived In hkrovlngian France, and there 
were some Syrian experts working in western Europe, while by the 
eighth century there were books in circulation describing Byzantine 
skills. Great skill was expended on the forging of sw'ords and the 
decoration of their handles and scabbards. The most remarkable sur¬ 
viving product of the age is a type of pattern-welded sword, vrhich 
contained strips of iron rod, about ^ in, thick and ^ in, wHde, twisted 
in cither direction and running the full length of the blade, giving 
worm-like markings on the surface. Such welding required great 
skill, and the works of Burgundian and Frankish smiths w-ere even 
imported by the Arabs. 

Tw'o of the most Interesting medieval uses of metals may be 
traced from the revival of western Christendom in the age of Qikrle- 
magne. One is the building of church organs with pipes of copper or 
bronze. The organ had been well known in the ancient world: the 
problem of providing an even wind-pressure by mechanical means 
had engaged the attention of both the great Alexandrian mechani¬ 
cians, Qesibius and Heron, Its use in Christian services appears to 
have begun at Constantinople in the fourth century', and St Jerome 
tells of on organ at Jerusalem, with tw'o elephant-skins for a wind- 
chest, which w'os audible a mile away. The Franks received their 
first as a gift from the Byzantine emperor in 757, and by the tenth 
century organs were fairly common in England as well as in France 
and Germany: St Dunsian, for Instance, installed cw'o, and there was 
one in Winchester cathedral said to be furnished with 400 bronze 
pipes and 26 bellow's. The pipes w'ere at first operated by pulling 
rods, but a keyboard was employed at Magdeburg cathedral before 
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1100 ; the pedaU were added before the end of the Middle Ages^ By 
the time of Samuel Pepys, who longed to buy one^ small organs 
were a not unusual amenilT in private houses* 

The casting of church bells in bronze litcwise dates from the 
eighth centurVt their predecessors having been made of sheet-iron^ 
like the small Roman tablc-belh Probably the dre perdue process 
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was used at first j latcr^ the bell was cast between a core and an out¬ 
side cope, the fonmer being covered and the latter lined with a care¬ 
fully dried loam mixed with horse-hair and manure. In the eleventh 
century a bell weighing 2,600 lb, at Orleans, w as still thought lar^, 
but the size of the mould increased—’hence the ‘bcll-fields* adjoining 
some great churches, where bells have been cast on the spot—so 
that the experience of the bell-founder ev entually prepared the w ay 
for the casting of cannon (Fig* 46). 

Meanwhile, Charlemagne's contemporaries were learning to ap¬ 
preciate the importance of armour in war, especially for the horse¬ 
man. Not many of the Germanic peoples who overran the Roman 
empire in the west had originally adopted the armour and armour- 
making of the Romans, which survived chiefly in the Byzantine 
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empire: iaterbced chain mail wiis at first brought from the ca^r. But 
the medieval smith came to be above all an armourer, who equipped 
the feudal knight with anything up to itx> lb of mail or piate* Rings 
of iron wire were welded or riveted together to form the mail, 
which was shaped to cover the feet and 
arms and even the head (Fig* 47); by the 
twelfth century the latter might be com- 
plctely cased (apart from holes for eyes and 
nose) in a helm of steel. By the fourteenth 
century plate armour, which was originally 
a reinforcement of chain mail, was taking 
its pbce. The skill of the smith was then 
shown both in finish and in inlay, but most 
practically in contriving protection where 
the plates wrere jointed (Fig. 4s). 

A key e\'cn.t of the Middle Ages was the 
gradual colomm.tion of large regions in cast 
centra] Europe, in which German and other 
settlers developed not only mining but the 
working of metals. Ores containing silver 
attracted the most eager attention, as we 
migh t expect. But in addition to the stcel- 
yiclding iron ores of Styria and Carinthia, 
there were important developments in the 
production of copper in both Saxony and 
Sweden; of kad, produced about equally 
in central Europe and England; of G>nil3h 
tin; and eventually of zinc. Smelting and 
cupellation, however, were largely con¬ 
ducted by the old methods, and new de¬ 
velopments arc to be found chiefly in the 
metallurgy of iron. 

The older types of iron smelting con¬ 
tinued throughout the Middle Ages, often at hillside sites where 
a good natural draught was available. Both the Catalan furnace 
and 3 rather simpler Corsican type continued in use, side by side 
with the basically Roman in origin-^f Styria and the 

Rhineland. This was a fiirnace ten or more feet high, in which 
the ore underwent continuous reduction by charcoal* The forging 
process was assisted by the use of water-driven hammers, and by 



Fie. 47. Quin iniil, &om the 
cifigT of Ayrrver de yi]jcnc:i; 
id. 1314) in Wcstmiiuier 
Abbey 
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the fotirteeath century there were water-driven stamping-mills to 
crush the ore. Since water-power was also needed to work the 
bellows of large furnaces, the industry tended to move airay 
from the mining areas toward die neighbourhood of fast-moving 
streams—a change which militated against the use of coal in forges. 



Fio. 48, AmHJUier’s workshop oi the early aiitecnEli catury, ihuwinj 
same ot its products and the tooh used in jaukins Utem 


Coal had been so used at Li^ before 1200, and in the later 
Middle Ages was found among bbeksmiths and iron-sraelters in 
England and other countries of western Europe, but never on a 
scale to riv'al the use of charcoal. A more decisive innovation , which 
slowly established itself between the thirteenth and fitenth cen¬ 
turies, was the casting of iron, made possible by higher furnace 
temperatures and the production of an iron having a relatively high 
carbon-content: cast iron a virtually new commodity, which 
came into its own w ith the rise of artillery. Extraction processes w ere 
still verj' inefficient, however, and it must have been rare for as 
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much as half the iron to be recovered from the ore. Meanwhile, from 
the eighth centur)' onwards, stcel-makiiig, chiefly by the cementation 
process, was the speciality of Styria and Carinthia, the product bcinjf 
sold as far away as Turkey and England. 

The iron implements of the Middle Ages included the tools of the 
farmer, the craftsman, and the soldier, made for the most part in the 
traditional way. The best swords, for instance, w'crcat one time forged 

in the north of Italy, and the an 
was carried thence to SoLingen 
in the Rhine valley as a con¬ 
sequence of the Italian wars of 
Frederick Barbarossa. Scythes, 
on the other hand, w'erc especi¬ 
ally a Styrian product, and iron 
needles—first with a hook and 
then with a true eye—were first 
made in south Germany, where 
water-power was applied in 
the fourteenth century to the 
maldng of iron wire by the draw- 
plate method. The nail-mslcer 
also w'as a specialist (Fig. ^g). 
A specialist tool-maker likewise 
Pia. 4^. Gcronin iLiiLTTtikcjri luc :^tccntti provided the more elaborate 

equipment of the mason and the 
carpenter, especially the drill-bit 
and the brace for tumingthe drill. Nevertheless, the tools of medieval 
tradesmen. Including those whose trade was war, were made chiefly 
by the bbeksmith, who wrought the iron in his forge and was en¬ 
couraged to imitate, and compete against, the specialist by the high 
cost of long-distance transport. 

That the fine metal-work of the Greeks and Romans continued in¬ 
to the age of the kirbarian successor states in the west is shown con¬ 
vincingly by the treasures of the mid-seventh-cen tury ship burial at 
Sutton Hoo, Suffolk. These include a number of hanging-bowls 
with enamel decoration; a purse-mount of gold, ivory, and garnets 
said to he the greatest surviving jewel of that age; garnets set in gold 
doisonne with such refinement that there is even patterned gold- 
foil bid at the bottom of each cell to enhance its brilliance; and no 
less than ten round bowb g inches in diameter, made by spinning on 
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a lathe a sheet of silver nailed to a recessed piece of wood^ Inlaying 
has a continuous historj'^ from the fifth-centtiry sword of Chiidericj 
through the enamel plaques on the crown which w^as set on the head 
of the emperor G)nrad II in 1027, to the bronze doors inlaid with 
silver which decorated the great tncdic%'al churches of Germany and 
Italy. 

Enamel-w'orli is found commonly^, not only of a cloisonne type wuth 
the glass held by narrow metal strips or wire but also with the space 
for the enamel sunt or carved In relief, or even with the enamel 
painted—though this last process belongs to the later fifteenth cen** 
tury. The richest early example is the superb Ardagh chalice^ which 
has enamelled grounds to its silver basses and panels of enamel on 
the fooL but the most famous is the ^Mfrcd jewer* Enamelling was 
applied chiefly to enrich the sacred treasures of the Churchy and 
praaised first in W'Orbshops attached to monasteries^ fine w^ork being 
produced especially at Limoges and in the valleys of the Rhine and 
the Meuse. Later, how ever, there was cheaper work in gilded copper, 
made in lay factories by craftsmen who, like the bell-founders, 
brought their skill and their tools to new places, stimulating demand 
by the availability' of their products. 

Casting of gold and bronze continued without interruption from 
the Roman period. Moulds from the Viking age found in the Ork^ 
ney^, for instance, were formed by joining together two clay im¬ 
pressions of 3 model w'ooden sw'ord; after hard baking, they w'cre 
buried in a casting-pit to be filled with molten bronze. At the begin¬ 
ning of the tw elfth century', by way of contrast, w e find such a man-cl 
of the cire perdue process as the Gloucester candlestick, an i 8 -in. 
stand with most intricate carving, cast in bronze from a single mould 
and subsequently chased and gilded (Fig. 50). Thereafter the chief 
limitation W'as the problem of handling molten metal in quantity': 
thus the goldsmith who cast the early bronze effigies of the English 
ting Henry' III and his daughter-in-law Eleanor of Castile, which 
are 4 in, thick, is believed to have had the help of bell-founders, A 
century' or so later the demand for objects of cast metal resulted in 
the adoption of the modem practice of casting in sand and using 
linked moidding-boxcs. As w ith so many of the more obvious in¬ 
ventions, the adoption of this one had been delayed by the circum¬ 
stances of sporadic production, for the travelling caster, who could 
always be sure of finding local clay, would nor w'ant to add moulding 
boxes to the equipment on his back. 


4 
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The crude designs of early medieval coinage bear witness to a 

break of continuity with the fine 
engraving of imperial Rome (p. 
128). By 850 the coinage of gold 
had been completely discon¬ 
tinued in western Europe, and 
though reckonings were sdll 
made in silver pounds, silver 
pennies were the only western 
coins in circulation. Dies were 
made in local mints by largely 
untrained w'orkers (Fig. 51), and 
both the device and the lettering 
came to be formed by punches 
in a limited range of shapes. 
The design was in low relief 
and therefore easier to strike, 
and, to avoid the risk of striking 
through, many of the large thin 
coins were struck on one face 
only, a reversion to the most 
primitive practice. By the thir¬ 
teenth century love of heraldic 
display and commercial pride 
were producing finer work as in¬ 
creasing supplies of silver be¬ 
came a\’ailable for minting, and 
by the mid-fourteenth centurj' 
all the richer states had also 
begun to coin gold in emulation 
of Florence, which struck its first 
florin in 1252. But the engraving 
of dies did not return until the 
Italian Renaissance. 

The Black Death (1348-50) 
caused a labour-shortage, wage 
crisis, and price rise, all of which 
helped to precipitate a decline in 
meul production and working, lasting until the middle of the follow¬ 
ing centur)’. The Hundred Years War (1337-1453) was another con- 


Fio. 50. Gik bronze cuidlcsdck from 
church of St Peter, Gloucester, early 
twelfth century 



4 METAL-WORKING IN THE MIDDLE AGES 139 

tributory factor, at least in France, and, more generally, the exhaus¬ 
tion of the more easily worked mines; yet it is in this very period that 
metal-working acquired the particular 
importance which has attached to it 
throughout modem times in connexion 
with fire-arms. Apart from the pro¬ 
duction of armour already mentioned, 
the smith had ser\'ed the ^^’arrior of the 
Middle Ages above all through his skill 
in the forging of s^^ ord-blades of im¬ 
proving quality. Otherwise, the chief 
new contribution of metal to the older 
art of war was the introduction about 
1370 of the steel cross-bow, an ex¬ 
tremely powerful weapon that was 
bent mechanically. This was not 
ousted from the battlefield by the 
hand-gun for about a hundred years, 
and was still used for hunting in the early seventeenth century. 

But the record of medieval 
metallurgy may be appropriately 
closed with the invention of the 
cannon, which came into com¬ 
mon use in the second quarter 
of the fourteenth centurj'. Its 
immediate antecedent may well 
have been an iron bucket with 
a small touch-hole near the 
bottom, employed by the Moors, 
perhaps as early as 1250, to 
propel a load of stones by the 
explosion of an underlying 
charge of 1-2 lb of gunpowder 
(p. 268). To begin with, cannon 
were very small, some only 20- 
40 lb in weight, but about the 
middle of the century they began 
to be cast from bronze, possibly 
also from copper or brass. Then came the forged iron guns, such as 
Richard II bought for the Tower of London, which might weigh as 



Fia 5a. Fourteemb-century omnoa 



Fic. 51. Striking coins, from a 
twelftb-ccnniry Norman carving 
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much as 600 lb; these were made from iron bars, arranged longitudin¬ 
ally upon a core and then welded together: after removal of the core the 
barrel vras bound with iron hoops (Fig. 52). This in turn was followed 
early in the fifteenth centur)' by the casting of iron cannon in a mould, 
a process which spread from western Germany with the rise in 
blast-ftimace temperatures (p. 135). It w*as already clear, not only 
that feudal chiv-alr)' and the stone castle were doomed, but that the 
emerging modem state, through its reliance upon artillery, to say 
nothing of the newxr hand-gun, would have a direct interest in the 
progress of mctallurg}'. 

EXTENSION OF THE USE OF METALS, 150O-I750 

The early centuries of modem history, howe\’er, record little in 
the way of spectacular changes in metallurgical techniques. Instead, 
they are marked by the impaa of rising capital, which stimulated 
the use on a large scale of methods already known or foreshadowed. 
Two examples from sixteenth-century Germany are the increasing 
of the supply of silver by a widespread application of the liquation 
process to copper ores, w hich had been practised by the Romans 
(p. 125); and the introduction of water-power to high-level mines by 
means of overland connecting-rod s^'stems from wheels in the \’alley 
below (p. 258). Moreover, the Germans carried their technical skill 
to other parts of Europe: in the reign of Elizabeth I they began to 
mine and smelt copper at Keswick, so that before the Gvil War 
(when the Parliamentarians destroyed their buildings) there were 
4,000 foreigners at work among the mountains of the English Lake 
District; and in 1623 they established silver-mining on a considerable 
scale at Kongsberg in the remote wilderness of Norway. In the New 
World, too, old processes took on a new lease of life, as, for instance, 
when the discover)' of mercur)’ in Pern about 1550 facilitated extrac¬ 
tion of the Potosi silver by amalgamation (p. 125). There w’as also 
a significant growth of descriptive literature. Agricola’s great work, 
De re metallic a (p. 129), published posthumously in 1556, was pre¬ 
ceded by the Pirotechnia of the Italian Biringuedo, and followed at a 
similar interval—less than twenty years—by the Beschreibung allerfur- 
nemsten mineralischen Ertzt- ttnnd Berckwercktarten of the Bohemian 
Gemun Lazarus Ercker, giving more detailed information on 
assa)'ing. Iron, howe\'er, though by then enormously important, 
receives little attention in these books, and it was not until 1722 
that iron-making processes were reliably described by R^umur, 


4 EXTENSION OF THE USE OF METALS, 1500-1750 141 

in his UArt dc convertir It fir fcrgi en acier tt Fart d*adQucir le fir 
findu. 

Certain minor metals became more familiar in this period. Thus 
the preparation of the semi-metal arsenic t^iis precisely described 
for the first dme in 1641, although, as we have noted, arsenic- 
bronzes had been made by the Eg>TJtians; it w as used with copper 
and tin in the mating of metal mirrors. Antimony is easily smelted 
from stibnite, its principal ore,, and was w^ell known to the ancient 
world; it was an ingredient of bronzes, hut for long was not clearly 
distinguished from lead* Bismuth was employed in type metal before 
1300. 

Lead was very widely used, not only as before in building, but for 
the making of shot (often in an alloy with arsenic), and after 1670 for 
the sheathing of boats, w'bere it had the unwelcome and then inex¬ 
plicable effect of corroding the iron rudder fixtures, as copper did 
later. There was widespread use of tin in the rnanufacturc of a 
\'arieiy of small wares, and for the tinning of sheet iron to make tin¬ 
plate, which was originally a German manufacture, first imitated 
cisew here with any success in France under Colbert, In the early 
eighteenth centur}', however, it was made at Pontypool by rolling 
red-hot bar iron in various thicknesses, tinplate being particularly 
in demand for food-containers and other utensils on shipboard. 
The British process involved steeping the sheets in a solution of sal 
ammoniac and standing them In an infusion of bran and water; the 
sheets were then dipped in molten tin (covered with whale oil or 
tallow to prevent oxidation of the surface), and the final irregularities 
w^ere removed by cold-rolling* Molten lead or dn could be formed 
into cast sheets by running it down a sand-bed; but in the seventeenth 
century lead sheets were produced more cheaply and evenly in 
rolling-mills* Except for some uses of the precious metals—in cer¬ 
tain gold coins, for example, or in gold-leaf—the main employment 
of all these metals was in ailo}'S* 

A tin-lead alloy was used for so'ldering, but the more important 
alloy was pew'ter, the best quabdes of which had the highest propor¬ 
tion of rin, together with brass and bismuth* It was easily cast in 
clay or sand moulds, the better qualities of pewter-ware then being 
finished with the hammer* ITie simplicity of the mnng process al¬ 
most certainly influenced the early printers, using moulds of soft 
stone or metal, to favour a special quality of pewter for their type 
(p* 339). 
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Throughout medieval and Renaissance times, brass continued to 
be produced in crucibles containing calamine, charcoal, and copper 
scrap, heated by a com’cal furnace below ground. Zinc for alloying 
with copper to make brass was imported from the Far East, chiefly 
by the Dutch, or collected as a by-product from furnaces in which 
silver and lead ores were smelted, but it was a surprisingly long time 
before the metal was recognized as being the essential constituent 
of calamine. In the sixteenth centurj' Paracelsus identified it as a 
bastard form of copper, but it was not until the early eighteenth 
century that the metal won from calanune was identified with 
the calafm brought from the cast. The smelting of zinc was estab¬ 
lished at Swansea about 1720 and at Bristol in 1740, two cities which 
arc still the principal British centres for its manufacture. Later in 
the same ccntur>' it was also begun in Silesia and in Belgium. 

Germany and Flanders had been the main centres of the manu¬ 
facture of brass, whence came, for instance, the sheets for the 
ecclesiastical brasses that adorn the English churches of the later 
Middle Ages; brass manufacture first became established in England 
in the reign of Elizabeth I. In spite of its tempting resemblance to 
pld, brass was still used mostly on a small scale: Biringuedo’s book 
in 1540 describes a brass-foundry in Milan, w here 1,200 small ob¬ 
jects could be made in one mould—an interesting early example of 
mass-production. Another use was to add 5 per cent, of brass and 
8 per cent, of tin to copper to make a bronze. Bronze had long been 
used for large castings such as statues and bells; to these the modern 
world added cannon (sec p. 150), because the copper alloys corroded 
and fractured less readily than the iron then available. For melting 
the large weights of metal which were required, a reverberator)' 
furnace was employed from the sixteenth century onw-ards, the heat 
being thrown dow-nwards from a low roof, so that there was no direct 
contact between fuel and metal. 

G)pper, together with the precious metals and their al^-s, was 
widely used for coinage. The quantity and quality of the coinage 
became a burning issue in the sixteenth century, w hen the Spaniards 
occasioned a rapid rise in price levels throughout Europe by the 
importation of unprecedented amounts of silver from the West 
Indies, Mexico, and, in 1553, from Peru. To debase the coinage be¬ 
came the natural resort of governments which could no longer pay 
their way with a revenue fixed by tradition. Henry VIII, for instance, 
ruthlessly reduced the predous-metal content of both gold and 
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silver coins throughout the last wcnty years of his reign. Edward VI 
and Mary' tried to restore their \’alues, but it was left to Elizabeth I 
to undertake the big task of calling in the base money and organizing 
a rccoinage. Her success did not solve the problem of the Crown’s 
finances, w hich became one of the mam causes of the Civil War, but 
the new English currency of 1561 was both honest in content and 
skilfully' designed. For a time the clumsy method of manufacture 
by hammering was superseded by the use of a screw press under the 
supervision of a Frenchman, Eloye Mestrell, formerly employed at 
the Paris mintj it was abandoned after his execution on a charge 
of counterfeiting in 1573. Even when the press became regularly 
established in the middle of the following century, it took two strong 
men to work it. 

Good coins, howc\'er, contained some alloy. In the case of the 
German gold crown, 6 to 7 per cent, was considered a reasonable 
proportion, at least if the alloying metal was compt^d of two parts 
of silver to one of copper. The sterling silver of Elizabeth I, which 
continued for several centuries, likewise had a standard alloy con¬ 
tent of 7"5 per cent. The smallest Elizabethan silver coin w'as a half¬ 
penny, but copper coins were introduced in 16131 they had been 
used in Ireland in the fifteenth century. 

FURTHER DEVELOPMENTS OF THE IRON INDUSTRY 

Wc may now return to the development of the iron industry, 
which by the close of this period was b^nmng its momentous as¬ 
sociation with coal, an association that did much to shape the course 
of the industrial revolution. The three dominant factors were the^. 
In the sixteenth century, after a long period during which the price 
of iron had changed little, it became rapidly dearer. At the same time 
the frequency of war and the new means by which it was waged in¬ 
creased the demand for iron—Tilly, for example, expended from 
12,000 to 18,000 cast-iron cannon-baUs every day of his two months 
siege of Magdeburg in 1631. Nor, in an age of rising populations, 
was it difficult to employ this increased iron production in time of 
peace, as, for example, in the making of farm implements, fire-backs, 
fire-irons, and the cooking equipment of the home. A third factor 
was the growing scarcity' of wood for charcoal, with a consequent 
increase in the price of the latter, w'hich caused the shifting of the 
industry ftrom district to district and even from country to country, 
so that by the eighteenth century* Sweden was in the lead. This 
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concentrated attention^ especially in Britain, upon the possibility' of 
replacing charcoal with pit-coal. 

Higher productivity and greater economy of fuel were achieved 
in the first instance by developing the Stiickofin of the later Middle 
Ages (p* 134) into a blast furnace^ This involved raising the height 
of the furnace and increasing the force of the blast enough to raise 
the temperatiire to the point at which the metal could be run out to 
be cast as molten pigs of cast iron. The use of water-wheels solved 
the problem of the blast, and by the end of the seventeenth century it 
was possible to work with furnaces over 30 ft high* Such a furnace 
could be continuously fed at the top with supplies of ore and fuel, 
and could be kept in use for as long as forty' weeks on end. It was this 
readily ai.'ailable supply of cast iron that gave England a vimial 
monopoly of the cast-iron cannon for a century', from the rime of 
Henry VIII when, according to tradition, 

Master Huggett and his man John 

They did cast the first Can-nan, 

until the rise of the Sw'cdish industry in the Thirty Years War. In 
i6Sa cast iron was used for the water-pipes connecting Marly with 
Versailles, and soon after 1700 the Swedish ironmaster, Christopher 
Polhem, in his very varied manufactures at Stjamsund, was employ¬ 
ing large cast-iron rolls as backing for small wrought-iron rolls 
which used less water-power. Slitting-mills were also in use in 
Sweden in the early eighteenth century (Fig. 53)* 

Bur the usefulness of the product of the Stiickofin was severely 
limited by its inacceptability as a source of wxought iron. For 
although the blast furnace succeeded in reducing the total of im¬ 
purities in the ore, the high temperature at which it worked caused 
both sulphur and phosphorus to be found in the final product; the 
blooms produced in the old way at lower temperatures were there¬ 
fore still preferred by the forge-masters. Wrought iron continued 
to be in more extensive use than cast iron. The work of the forge 
might now be assisted by the trempe-^sm Italian invention (r. 1500J 
which replaced the bellows by forcing the air into, and out of, a 
closed w ind-chest by the suction of a w ater-chute* Hammer forges 
were commonly powered by water-wheels for the tilt-hammers; 
wire-drawing apparatus and roller- and sHtting-mills, using the 
same source of power, made bar iron and iron wire readily avail¬ 
able. 
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Steel condtiued to be made by various—all of them small-scale— 
processes. For farm-tools the smith often produced his own steel by 
reducing a suitable ore in a hearth. A standard method was to 
forge blooms of wrought iron that had been carburized by dipping 
In molten cast iron w^hich had a high carbon-content. Bars of wrought 
iron up to 5 ft long were also cemented to give steeh by firing w ith 
charcoal for a period of from three to seven days in a furnace made 
like a bakcr^s oven. Lastly^ steel was made in crucibles by heating 
iron with charcoal, a method used in India for making wwtsc: steel 



F[{J. S3. Watw-’diivcil alining-mill, from Swcdcntsocg, Rtpfuai mfrrm'ffKrtfflTt ^73+ 


(p. [26) and Lnowii in England in the seventeenth century, but first 
launched commercially in the w'est by Benjamin Hunt^an, a 
Doncaster clockmaker, whose! up his works near Sheffield in i 75 ^‘ 
Since e\'Ciy' one of ^cse processes required fuel, it is easy to see 
the steadily growing relevance of coal to the problems of metallur^. 
Its use for the working of wrought iron in smithies involv^ no major 
technical problem—it is even possible that in suitable districts coal 
had been mixed with charcoal in the forge, for producing horse¬ 
shoes and other simple iron wares, long before its use there as a 
separate fuel. In England and Scotland there was some consumption 
of coal in the later Middle Ages, chiefly as a domestic fuel and 
especially in the neighbourhood of outcrops and other easily acces¬ 
sible deposits. But in the Low' Countries, cod-mines of considerable 
size were developed specifically to serve the iron-finishing and other 
metal industries w-hich made Li^e in particular a great armomy', 
especially in the first half of the sbetcenth century. It was in the 
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second half of that century^ in the reign of Elizabeth i, that the 
shortage of wood—^aid to have been intensified as a result of quick 
siles of woodland at the dissolution of the monasteries—in relation 
to the growth of population^ shipbuilding, and industrial needs gave 
an impetus to the coal-mining of Tyneside and other districts in 
England^ Scotland, and Wales. It is calculated that by 1660 these 
areas were producing five times as much coal as the rest of the world 
put togetherj a lead w hich continued with little modification through 
the eighteenth centur)'. 

The impotent relationship between Biitain^s lead in coal-mining 
and her ascendancy in transport developments and in the develop¬ 
ment of a great new prime-mover are considered elsewhere* We 
have already had occasion to see how' the requirements of the new 
fuel brought about the use of the covered pot in glass-nm^king 
(p* no). There were a number of other Lndusertes, including salt¬ 
making by evaporation, the production of alum, lime-making, the 
baking of bricU, and brewing, for which the adoption of coal as a 
fuel involved no fundamental change, because the coal merely sup¬ 
plied heat and took no part in the actual processes. But iron, even 
more than glass, presented a complicated problem and one w'hich 
was notso q uickly solved, for at all stages in iron-making coal tended to 
impair the quality of the product. In 1614 a method was discovered 
(by tw 0 Englishmen) for using coal in the conversion of bar iron 
into steel, and by that time a httie coal wus commonly muted with 
charcoal for the forging of bar iron* Yet for almost a hundred years no 
advance towards the use of coal in the all-important blast-furnace 
made except iudireedy—through a problem W'hich arose in brewing. 

It was found that when coal, already a common fuel in breweries 
to warm the wort before fermentation, was used by brewers to dry- 
their malt, the coal ruined the taste of the beer; the main reason, as 
we now know, was the presence of sulphur* But about the time of the 
Gvil War the brcw'crs of Derbyshire, where a special kind of hard 
coal was to be found, had the idea of charring their coal to make 
coke, just as w^ood was charred for charcoal* The result was a coke- 
dried malt and a famous Derbyshire beer, the method of preparation 
of w hich might be expected to impinge upon the consciousness of 
the thirsty' iron-master. Nevertheless, the seventeen ih century ended 
with the problem of iron still apparently insoluble, although ^e new' 
reverberatory fiu-naces had by this time made it possible to use coal 
directly for the smelting of lead ore, and a mixture of cml and charcoal 
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had been intrcduccd for copper So far as is known, the 

first successful experiment wns conducted by Abraham Darby — 
who had served his apprenticeship to a malt^mill minufacturer—at 
CoaJbrookdale in Shropshire in 1709. But his use of coLe in the blast¬ 
furnace, w'hich seems to us a belated discovery, was not taken up in 
the trade at aU quickly: in the next fifty years only six other coke 
furnaces were built in all Britain. The Quaker family at Coalbrook- 
dalc did not presumably advertise a secret from which it derived some 
profit, but the main factor was probably a lack of interest among 
its lis-als: this would be encouraged by the fact that success could 
not be attained without a careful selection of the ty^ic of ore and of 
coal used, as also by the rather slow advance in the use of cx>al-fuel 
for other purposes. As long as they had to use large quantities of 
charcoal for the further process of conv-erting pig into bar iron, 
ironmasters were reluctant to leave the worxled areas in which they 
were already established, for others where coal was readily acces¬ 
sible, In 174® Abraham Darby II began to study seriously how' to 
make a cast iron acceptable to the forges: he succeeded by careful 
selection of ores with a very low content of phosphorus. Thus the 
cokc-smcldng of iron became finally established, an event which 
opened a nuvr phase in the long history of iron-making. 

ARMAMENTS 

'Fhough David Hume, WTiting in the lyso’s, claimed the cast-iron 
cannon, along with shipbuilding, as the great speciality of English 
manufacturers, the w'capons of war taken as a whole provide a good 
illustration of the uses to which Europe put its metallurgical skill. 
Up to about [700 the main infantry' weapon was the pike, a steel 
head mounted on a shaft w'hich might be as much as 18 ft long, an 
effective protection against cavalry. It was superseded by the bayo¬ 
net, first employed by the musketeers in the armies of Louis XIV. 
The swwd, which the pikemen carded for hand-to-hand fighting, 
could then be dispensed w'ith by the rank and file, though it con¬ 
tinued as the thrusting (and duelling) weapon of their officers. The 
standard cavaliy weapon was now the sabre, designed for a slashing 
downward stroke, and there was also a lighter and shorter version of 
the medieval knight's lance. It is perhaps evidence of the minor part 
now played by all these weapons, at least in warfare between civi¬ 
lized nations, that the steel of w'hich they wTre made was apparently 
inferior in average quality to the best products of the earlier age. 
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when immense care had been taken because faulty metal might spell 
disaster. 

Yet the first thing to be said about early hand-guns is that 
the>' were inaccurate, being designed only for short-range warfare 
between close formations; the incentive to the gunsmith to improve 
them came rather from the popular demand for a superior sporting 
piece. Leaving aside the stock, which was the wood-worker’s con¬ 
cern, to produce a successful hand-gun required the means of form¬ 
ing a reasonably true barrel and the device of the lock to fire the 
charge. The barrel was commonly made from strips of iron: cither 
a single strip was bent round a cy’linder and then welded at the edge, 
or a number of short strips were rolled into tubes and w elded end to 
end, one ad\’antage of the second method being that the metal could 
then easily be tapered towards the muzzle, where relatively less 
strength was needed. In cither case the roughly-formed barrel was 
then bored by means of a bit turning on the end of a long shaft 
pushed gradually into the barrel; by the eighteenth century such 
machines w'crc commonly driven by water-power (Fig. 54). How the 
value of spiral grooving of the barrel was discovered is uncertain: 
experience would show that the spinning projectile has both a longer 
and more accurate flight. Nevertheless, as btc as the middle of the 
eighteenth century a writer in the great French Encyclopaedia still 
thought that the object of rifling a gun-barrel was simply to procure a 
tight fit for the ball, not to cause it to spin, though the ph>'sics of a 
ginning projectile were expounded to the Royal Society by B. Robins 
in 1747. At all events, rifles were w'cll known by 1525 and may have 
come into existence half a ccntuiy' earlier, to judge by armoury 
records at Turin and Nuremberg. They do not appear to have been 
used for militaiy' purposes until the Thirty Years War; their vogue 
wras chiefly among wealthy sportsmen, who could afford to pay for 
accurac)', a quality which mattered much less for troops fighting in 
close formation and firing at short range. The difficulty of loading a 
rifled barrel from the muzzle was met by using a lead bullet a little 
large for the bore; this, when hammered home with a ram-rod, 
would fit the rifling exactly. That this wtis necessarily a slow pro¬ 
cess must have been a strong deterrent to its militarj' use. 

The early hand-gun was fired with a slow’ match applied to a 
touch-hole in the barrel so as to ignite some fine priming-powder on 
the firing-pan. The matchlock which superseded it had an arm which, 
when the trigger w-as pulled, brought the match down on to the 
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primingi but the firing still depended upon keeping tfic match alight 
—a feat not always easily achie^'^ed in field conditions with a piece of 
coarse twine, however heavily impregnated w ith saltpetre to secure a 
steady glow* For the horseman it would be particularly dlfiicult, 
which is one reason why the wheel-lock, w^hich is believed to be an 
Italian invention made about the middle of the Franoo-Icilbn wars 
of 1494-1559, ^ favoured device for the horsey-pistol. In this a 

key w as used to wind a spring, the release of whi ch turned a rough- 
edged wheel against a piece of pyrites; the resulting sparks touched 



Fig, 54* Waicr-pawitDed oHchincry fw fua-bamls, from Did!croc'i 
Encjcfefiafdid, 1777 


off the priming* The winding made this a w eapon that could not be 
fired twice in quick succession, and its use w-as therefore confined 
chiefly to the cavalryman, who would fire once and then charge in. 
It had important rivals from about 1580 onwards in the Dutch 
snaphance and the Spanish lock, which survived to the time of the 
Peninsular War, when it wasknowtias the miquelct* The next decisive 
change was the introduction of the flintlock, perfected in France by 
1630, The flint w as pulled back (cocked) and, on the release of the 
trigger, was driven by a strong spring against a roughened metal 
plate over the firing-pan, into ivhi^ the sparks fell* The mechanism 
w'as stronger than that of the wheel-lock and could be fired more 
rapidly* The flintlock wus essential for the novel French sport of 
shooting birds on the wing, but was at first deemed a luxury^ for the 
infan trjTuan. Louis XIV re-equipped his army with it in the i66o’s; 
in England the change was in progress at the Revolution of 1688. 
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An improved Jlmt-Jock vi-as fitted to Brown Bess^ the lo-lb, 62-m. 
weapon that sensed the British Army from Blenheim to Waterloo* 
A percussion-powder, patented by a Scottish dcrgjTnan, A. J* 
Forsyth, m 1807, brought about its eventual replacement (p. 501), 
but flintlock guns are still to be found in parts of Africa, where 
Norfolk flints continue to be exported from what is in a sense 
Britain's oldest industry. 

'ITit standard cannon of the sixteenth and following centuries w'ere 
smooth-bore muzzle-loaders cast in bronze, brass, or iron* Iron was 
cheapest, but bronze was considered to be best because least liable 
to corrode or burst* The development of the blast-furnace made it 
possible to make large iron castings, but for three centuries the general 
method continued to be the same as had been used in the making of 
the great bronze cannon, one of which w-eighcd almost nineteen 
tons, employed by the Turks against Constantinople in the siege of 
1453. To a large extent, too, it was, as we have already seen, a con^ 
tinuation of the art of the medicvnl bell-founder. 

Cannon-founding involved three distinct processes* The first was 
the making of a tripartite clay mould* One part ivas an exact repro¬ 
duction of the outside of the cannon, including its decorations and 
the gudgeons on which it would be pivoted; the second part was the 
model of the breech; the third w as the core representing the space to 
be occupied by the barrek The clay model was then reinforced with 
iron bars, assembled, baked, and lowered into a pit. The second pro 
cess was the filling of the mould in the pit by tapping a furnace of 
molten metal; the mould had then to be broken to extract the cast¬ 
ing, which meant that each barrel must be made individually* The 
third main process was the boriog, necessary because the casting 
could not give sufficient precision; this w as done with a bit mounted 
on a long shaft, usually driven by a water-wheel, supponed at 
one end only—an inaccurate method which would not correct, and 
might even exaggerate, any misalignment of the core in the original 
mould* It was only the Dutch who, by 1747, had made it thcir uni¬ 
versal practice to bore from a solid-cast gun-barrel; in Britain this 
development awaited the Invention of Wilkinson’s boring-engine 
(P- 350 ). 

There was a remarkable increase in the use of artillery about the 
middle of the eighteenth centut)', when the field-gun really came into 
its Ott'n; but long before this, in the time of Marlborough, fortress 
warfare had turned upon the slow assembly of the heavy siege- 
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batteries. But the impact of artilltry upon naval ivarfarc was still 
more incisive. In pbee of the immemorial tactics of boarding and 
ramming, success in a naval battle came to depend upon the weight of 
fire which could be brought to bear upon the enemy line. Thus the 
abilit>' of the founders to provide heavier guns played a considerable 
part In those exchanges of broadsides by which the fate of Europe 
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from the days of do Ruyter to those of Nelson was so often de¬ 
termined. 

Such words as matchlock and flintlock are reminders that the gun- 
smithes craft was closely associated with that of the locksmith, that 
of the latter being of far greater antiquit)\ The craft of the locksmith 
was well established in Roman times (Fig. 55), Once man began to 
have a permanent home and to acquire personal possessions atten¬ 
tion was necessarily directed to securing valuables against theft. 
Locks activated by weighted tumblers are to be found on Egyptian 
mummy cases of 200OB.C, but 
there was no provision for re¬ 
opening what guarded the pos¬ 
sessions of the dead. A jewel 
box of 1350 B.C. incorporates 
a simple lock, In which rotation 
of a knob causes a cross-bar to 
engage with a slot. For many 
purposes, however, such as the safeguarding of treasure-stores, the 
early Egyptians seem to have relied more upon seals—the breaking 
of which entailed severe sancdons-^ihan upon locks. 

The so-callcd Eg}'ptian lock appeared much later, under the Ptole¬ 
mies. In this (Fig. 56) a series of prongs, at right angles to a cross-bar 



Fid. 56. Ifoh Egypciaii af Lha third or 
century ILC. 
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on the iron key, was used to lift the tumblers: a similar lock, of 
w'oodcu construction but again with a metal key (Fig* 57), is knowm 
from (he monastery of Epiphanius, at Thebes, and dates from about 
800 A*D. As this tj'pc of Jock is used even today in humble Egyptian 

dwellings, it can be assumed to have 
an unbroken history of over tw'O mil- 
Jennia. Nev'ertheless, the ordinary 
modern lock seems to have derived 
from another source altogether: the 
tumblers of medieval European locks 
are arranged in a single rovir and the 
web of the key that lifts them is 
attached directly to the shaft instead 
of to a cross-piece. The Egy^p^i^in. keys 
that survive arc of metal and they 
certainly could not readily have been 
fashioned from wood; the modern type of key, by oontrast, could 
easily be made from wood, and wooden examples are knovvn from 
such widely separated places as The Faeroes (Fig. 58), die Greek 
islands, Zan2ibar, China, and India. Such little evidence as there 
is is not inconsistent with the view that die modern lock is derived 
from a very' ancient Asiatic prototype of w ood. 



FlC. S7* ‘^Egypeian' lock ud kicy 
from Thrba, f. A.n. 8w 


Simple though the mechanism was in pnnciplcj locksmiths of the 
mcdic^-al and early modern periods—who also made latches, handles, 
and ornamental ironwork, such as w^as re¬ 
quired for chests and drawers—produced 
some elegant mechanisms and many very 
elaborate cases* Henry VIII, for example, had 
a 14X 8 in. lock bearing the royal arms, which 
is said to have been screwed to his bed¬ 
chamber door wherever he went. In Eliza^ 
bethan England the manufacture of door^ 
Jocks, padlocks (a fifteenth-century' word), 
and cabinet-locks was already concentrated 
in three Staffordshire towns, though it remained predominantly a 
handicraft industry almost until 1900. Modem locksmiths, how¬ 
ever, devised a series of improvements to mate the task of the 
picklock more difficult. First, pivoted plates were introduced that 
had to be aligned by the key before the bolt could be shot, and 
later, as in Robert Barron's lock of 1778, the ends of the tumblers 



Fid. 53* PnnuCivic nvodcn 
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were elaborated where they engaged with the web of the key, 
Bramahachievements are mentioned elsewhere (p, 350)^ but the 
M'o most influential innovatioiis were those of Jeremiah Chubby who 
patented a lever lock in iSiS, from which a big English manufacture 
developed {see Fig. 165), and—in the next generation—of the Ameri¬ 
can, Linus Yale* By separating the lock mechanism from the lock 
itself, he was able to produce the cylinder lock: the prongs of the 
Egyptian lock reappear in the five notches of the yalc key, cut auto¬ 
matically to eight different depths in a milling machine, which gives 
32,768 variations. 

tNSTEUMENT-MAKING 

Growing skill in the working of metals is further exemplified by 
the development of the instrument’-maker’s craft. To many of the 
early products of this we make reference elsewhere—for example, 
clocks {p* 225), navigational instruments (p* 205), and balances 
fp. 221)—-and here we can consider only the general line of dev'clop- 
ment. We must further restrict ourselves to some instruments of 
direct practical application to technology: the making of scientific 
instruments is, of course, of the utmost importance—^by 1776 there 
arc half a dozen instances of mstrument-makers becoming Fellows 
of the Royal Society"—but they had an effect on technology only 
in so far as the researches for which they were used found practical 
application. Navigators, gunners, and surveyors were the chief 
buyers of such instruments during our present period* 

The modern tradition of instrument-making dates from ap¬ 
proximately the middle of the fifteenth century", when Nuremberg 
became the first great centre of instrument-making for western 
Europe: craftsmen there inherited little from the Middle Ages, but 
the influence of Alexandria was still felt. The traditions of Alexan¬ 
drian scientists—which culminated in Ptolemy, who gave a detailed 
account of the instruments of his day in the Almagest —w-ere not 
transmitted to the Byzantine empire and were only slowly recovered 
from their true heirs, the astronomers of Islam* The making of 
astronomical instruments enjoyed a temporary revival at Oxford 
(Fig. 59) and Paris in the fourteenth century, but it was not until 
about 1440 that the craft became permanently established; three 
astronomical instruments purchased at Nuremberg in 1444 still 
exist. 

Nuremberg perhaps owed its instrument-making originally to the 
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fact that it lay astride the great trade-route from Italy to the Nether¬ 
lands and iras already a centre for skilled metal-work, but its 
ascendanc)' is certainly due to the fact that Johann Miiller (Regio¬ 
montanus), the pioneer of modern astronomy, settled there in 1471. 
Within a short time Augsburg, too, had a famous school of instru¬ 
ment-makers. Many of the instniments made in these ovo cities are 
of such exquisite workmanship that they are prized today not only 
for their technical interest but as works of art. From Germany the 


craft spread to Lou^-ain, and 
there was also some activity in 
Italy, but political events on the 
Continent eventually led to 
London^s becoming for many 
generations by far the most im¬ 
portant centre in the world for 
the making of instruments. The 
de\'astation of the Low Coun¬ 
tries by the ‘Spanish Terror^ led 
to the eclipse of Louvain, and the 
decline of the German cities in 
the Thirty Years War led to the 
^^rtual extinction of the craft 
there. 




German techniques had been 
introduced to England in the 


early sixteenth century by the Bavarian craftsman, Nicholas Kratzer, 
some of whose instruments appear in Holbcin^s well-know n painting, 
‘The Ambassadors*, and Thomas Gemini, who came from near 
Liigc, brought with him a highly developed skill in engraving on 
brass. This last was a timely inno\'ation, for sheet brass was then 
becoming avaibble in England for the first time, through the Eliza¬ 
bethan Mineral and Battery Works. Among those associated wnth 
tlus venture was Humfray Cole, who may have been apprenticed 
to Gemini and was the first English expert in instrument-making* 
Cole established himself in London as a maker of‘ Scales, cxjmpasses, 
and sundry sorts of Geomctricall instruments on meiair* Among his 
customers w'ere Drake and Frobisher: for the last-named he made 
all the instruments for the first voyage in search of a North-\^'est 
Passage in 1576* Cole began a long line of distinguished instrument^ 
makers in London, of whom there were at least thirty before 1650. 
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Increasing and more exacting demands led to greater empKasis 
being put on performance and less on ornamentation: by the 
beginning of the eighteenth century the exquisite vvortiimiship of 
earlier generations had been discontinued, except for special presen¬ 
tation models* and scientific instruments had begun to assume the 
severely practical appearance of those of today. At the same time ^e 
craft became increasingly decentralized, makers of navigational in¬ 
struments establishing themselves in the principal ports and those 
supplying artillerymen tending to move near the armament Tft.'orts. 



Kiu. 6o. lnsmimcnt-nwker's trade-card, Londem, 16S3 


Brass, iV0T}\ and close-grained woods, such as box and pear, were 
the principal materials of the instrument-makers, with brass becom¬ 
ing increasingly favoured because of its rigidity' and permanence. 
For the shaping of metal the lathe (p. loa) was a valuable tool, ^d 
the clock-makers in particular developed it greatly for precision 
work. The engraving of scales was, of course, a most iniportant 
part of the work: until the advent of mechanical devices, this was 
done with simple engraving tools and punches, the design being first 
set out by geometrical methods. 

The earliest products of the instrument-makers were made mainly 
for astronomical purposes or to apply astronomical methods in 
navigation; they included astrolabes, cross-staffs, quadrants, sun¬ 
dials, and orreries, as well as basic geometrical instruments such as 
Compasses and rules. From the seventeenth century, howcv'cr, a 
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variety of new [nstniments, or much improved versions of old ones, 
began to appear. The neci of surveyors led to elaboration of the 
hodometer—an instrument ascribed to Vitruvius, but probably never 
used in ancient times—enabling land distances to be measured by 
recording the number of revolutions of a wheel as it was pushed 
along. Improvements in artillery called for the more accurate sight- 
iug of cannon (she Fig. lo), and by the beginning of the se^•cnteenth 
century the gunner's lev^el had been highly de\'eLoped. The in¬ 
vention of the telescope and microscope (p, 112) introduced new 
problems both in the making of lenses and of the instruments in 
w'hich they were mounted; the new instruments were a regular part 
of the instrument-maker's trade from about 1660 {Fig. 60)* From 
1700 the revolution in science was making stiH further demands on 
the craft, and air-pumps, thermometers, barometers, electrical 
machines, and other instruments were called for in constantly 
increasing quantities. 
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TKE EARLY EMPIRES 

r HE most familiar fact about PalaeoUtKic men is that they often 
inhabited caves; but when there was no cave, they improvised 
an equivalenL There are (disputed) wall paintings which show 
their light summer huts of boughs, and actual remains from the less 
insubstandal winter-quarters of mammoth hunters in^ Russia, 
Siberia, and Czechoslovakia. These might be described as imitation 
caves, since the floor 4 evcl is as much as g ft underground. Hearths 
can be identified, and it is supposed that the roofing was timber, 
perhaps covered with earth, though it is tempting to think that the 
mammoth bones w hich lie strewn around played their part in the 
construction, much as whale bones have been used in the far north. 
In Mesolithic times it is rare to find, as in Denmark, a people who 
occupied their semi-sunken dw'cLlings all the year round ; still rarer 
10 find, as in Hanover, a hut which was entirely above ground. 
Regular technological progress necessarily awaited the settling down 
of Neolithic man, though in the early days of Egypt ^ type of 
framed wooden house, made of overlapping planks lashed together 
with hide, was designed to be dismantled and re-erccted in the desert 
during the annual flood. 

From the Neolithic stage onwards, Europeans, as we might expect, 
built houses and whole villages of timber, such as the so-called lake 
villages, which were raised on piles either to secure the permanent 
pTOtcction of water or as a precaution against seasonal flooding. The 
low stone huts of Sfcara Brae in the Orkney's, with their stone fur¬ 
nishings, are an exception appropriate to those wind-swept, treeless 
islands. The Bronze Age craftsmen of Stonehenge towards the 
middle of the second millennium u.c fitted their huge triliihons 
together by the monise-and-tenon technique of the wood-worker— 
it is possible that there was also ritual budding in timber, both in 
Britain and in other lands, from which the builders of Stonehenge 
may have taken their modeh In the early Iron Age, too, it was not 
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only lake-villages like Glastonbury and Meare which were of wood. 
Hill forts had timber revetments and palisading, and the huts inside 
them—even as late as the end of the first century B.c. —had their 
roofs supported by timber uprights. 

The Near East, in contrast, had less timber, though it had reed 
and palm-leaves instead, but from the earliest Neolithic period— 
before the use of fired pottery—villagers east of the Tigris were 
building their houses of dried day, and from Jericho there are 
examples of mud-brick walls, one of them socketed to take timber 
cross-beams. In the dry climate, such buildings would last long. In 
the flat alluvial plain of Mesopotamia, clay remained the staple 
building material for 6,000 years; the valley of the Nile, in contrast, 
had stone, but this was a state monopoly, and clay was the building 
nuterial of the multitude. There were clay buildings also in Asia 
Minor, although there was plent)' of wood and stone there, and even 
in the forested island of Crete. Thus rammed clay or piie\ its natural 
successor, sun-dried brick; and its artificial successor, kiln-fired 
brick, played a very large part in the history of the early empires. 

The day was prepared by adding water and treading-in chopped 
straw or dung to pre\’ent ^^-arping or cracking; the bri^ were then 
shaped, usually t^^o at a time, in a rectangular wooden mould with 
no top or bottom; and were afterwards left to dry, being turned over 
from time to dme. With a larger addition of water, the same clay 
mixture was used both for mortar and for plastering. So far as build¬ 
ing is concerned, the kiln came into use originally for special pur¬ 
poses, such as the making of pavements, and where the brick needed 
to be watertight; in Egypt it was not used at all until classical times. 
In Mesopotamia, both the shapes and method of laying of bricks 
were quite different from those which became customary later. The 
upper surface was convex, like the top of a loaf, and the bricks were 
laid on end at a slight angle; alternate courses sloped in opposite 
directions, givmg a herring-bone eflea such as may sometimes be 
found in stone walls in the w est of England today. 

In the plains of Mesopotamia brick-building reached its climax 
with the places of worship known as ziggttrats, about the year 2000 
B.C These huge staged-towers met the eflfects of shrinkage and sub¬ 
sidence—any sort of prepared foundation was rare—by having 
courses of reed matting running across the fiices at interv'ais. At Ur, 
where the ziggurat (Fig. 61) was 75 yds long and 60 yds wide, with a 
height of 30 yds, the re\’etment was 8 ft thick, composed of kiln-baked 
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Fig. 61* RtoDfKtrtiction ^txiggirrai it Ur^ 

r. sow) ILC. 


brick set in bitumen (asphalt): Strabo records that higher up the 
Euphrates, at Hit, lumps of bitumen were found in abundance 
in the river, .\rchcs were already in use^both the corbelled false 
arch, with which smaU domed burial chambers were buUt up of 
limestone rubble, and the true 
arch surmounting gateways 
through walls» 

Further developments in 
Mesopotamia awaited the in¬ 
troduction of stone by the As^ 

Syrians from the north, but in 
Egypt early in the third rnillen- 
nium E.C we find buddings, 
beginning with the famous step- 

pyramid of ZoscT, which show the kindred arts of the quarryman 
and the stonemason already in an advanced stage of de\'cIopt^nt, 
To obtain the blocks of stone, tunnels were driven upw^ds bom 
a cliff face, if necessary for several hundreds of yards. Crouching 
in a deep recess made just below the ceiling of the stratum to c 
worked, a man outlined blocks in the floor of this recess, cut them 
one course deep, and then split them by inserting wooden wedges 
which would be wetted to make them expand. The recess was 
gradually extended, the rock 
being cut away in steps. All this 
was apparently done with a 
mason*s pick, while even more 
astonishing is the fact that single 
blocks, weighing as much as 
1,000 tons, were moved from 
quarry to building site without 
benefit of w^hecls: levers, sledges, 
rollers, ropes, and a remorseless 

expenditure of human effort carried the material to aod from the 
Nile waterway Fig. III). ^ 

Both the small blocks, used in the time of King Zoser, and the 
larger masonry of later dynasties w ere squared and dressed by hand 
with chisel, mallet, bomng-rod (for straightening), and mason^s 
square (Fig. 62). According to Herodotus, the total labour required 
for the Great Pyramid, built about 150 years after Zoser s, 
equivalent to working days per cubic foot of masonry, which. 



Fra. fit Sujcw-dfcsains, from a tomb at 
Tbebes, ^ypt, tr 14S0 B-C. 
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when quarrying and transport are taken into account, may not be 
an absurd exaggeration* It is 150 ft higher than St Paul's Cathedral 
and, though it covers upwards of ij acres, deviates from a perfect 
square by onlyl?] inch in length and 12 seconds in angle. The method 
of building by successive accretions, each with its own limestone 
casing, makes the final result all the more marvellous. 

Egyptian temples, on the other hand, since they lacked the arch, 
wxrc for a Jong time restricted to a space of 9-ro ft between columns, 
that being the maximum distance which a limestone block could 
safely span; but the introduction of Silsila sandstone eventually 
trebled that distance. Another problem which the Egj'piians solved 

was that of jointing three archiiraves 
so as to rest them all on the head of 
a single column. The columns them¬ 
selves were often built up from a 
series of drums, as, for instance, in the 
great temple at Karnak, w'here it took 
several blocks to build up even a 
single capital, so vast is the scaler the 
foundations, however, as in many 
Egj'ptian structures, were weak and 
careless,as was revealed in a.d. 1899 when eleven columns collapsed. 
Nevertheless, mankind has never ceased to be impressed by the 
achievements of the Egyptians in building construction—their 
obehsks, tbe walls and ceilings of their temples, and, above all, the 
extraordinary accuracy of pjTamids planned apparently with very 
bttlc aid from mathematical theory (Fig* 63), 

In the early part of the first millennium B.c, both limestone and 
gypsum were being added to the brick-building tradition of Mesopo¬ 
tamia. Sennacherib^s stone canal, which brought water to Nmeveh 
from a point 50 miles away, with a fall of i in 80, is a particubrly 
impressive example. Not only did it cross a wide valley by a lime¬ 
stone aqueduct 300 yds long, but the stone pavement was accurately 
graded throughout, apparently in order that blocks for successive sec¬ 
tions might be conveyed on wheels or rollers along the canal itself 
from the quarry at tes head. The structure was rendered W'aterproof 
with bitumen. Of the 2£Mon bull colossi with which Assyrian kings 
delighted to adorn the gates of their palaces, w^e know^ ordy that the 
caning was completed on the site after they had been pulled into 
position on enormous sledges, but it seems clear that they were first 



Fiq. 63, Nwth-south fiecllfla 
through the p^Timid of Sahure, 

r. 2400 a*ci 
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floated down the Tigris. Most building w'as still in brick, and arch¬ 
ing w’as employed to make brick vaults, in which each successive 
semicircle of bricks wus rilted slightly backwards, so that no tem¬ 
porary wooden framework ^-as needed for centring. The use of 
glazed bricks reached its climax at Babylon, where the figures on the 


Fio. 64. Foundations of the Ishtar gate, Babylon, sixth century BX. 

Ishtar gate (Fig. 64) have been modelled in this way in a clay panel, 
which was afterwards divided into bricks, glazed, and fired. Wliat is 
most remarkable is that these figures are repeated on the gate- and 
street-walls underground, where only the eye of a modern archaeo¬ 
logist would ever behold them—a circumstance the more extra¬ 
ordinary because in Mesopotamia, as in Eg}'pt, the quality and 
depth of foundation was by modem standards one of the weakest 
features of their building construction. 

Since the Hittites have left no important structural feature in 
their ruins that is not to be found elsewhere, we may turn to Crete. 
There is something strangely modem about the appearance of its 
•000 M 
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twc^ or even three-storcy houseSj of which we have representailons 
dating from about 7700 B.C.^ and even in the planning of the palaces 
w-ith their many-sided acrivides, at Knossos and Phaistos; these 
were nnfoitijfied, as befitted a sea power, and in general were more 
elaborate versions of their private houses. The Cretans made the 
bottom part of their walls of stone rubble, and the upper of sun- 
dried brick; stone piers supported the first floor, but the framing was 
of timber. The rooms faced inwards upon light^wells approached 

through columned cloisters; the 
use of upper rooms and terraced 
flat roofs for the first time gave 
staircases a place in domestic 
architecture. Bathrooms, water- 
flushed conveniences, terracotta 
w'atcr-pipes, and well-conceived 
sloping gutters, to the design of 
which a rainy climate gave the 
necessar}^ impetus, likewise fore¬ 
shadow the later civilization of 
Europe and America* 

The centres of Mycenean civiJizadon on the mainland, such as 
Tiiyms and Troy, had their palaces surrounded necessarily by a 
forpress wall The palace itself at Tiryns, for instance, had all its 
main rooms on one floor, with the light coming in through high 
windows* There are recognizable units consisting of a porch en¬ 
trance, sleeping-chamber, and columned living-room, the last of 
which contained a permanent hearth, the focus of the European 
home. The pitched roofs were another homelike feature. But the 
great ‘beehive^ tombs—painted stone dom^, built up of horizontal 
corbelled courses in a cylindrical shaft underground, with access bv 
a highly ornamented doorway having a corbelled arch above (Fig, 
important, not as foreshadowing the Greek future, with all 
that it was to mem for Europe, but as srirring the Greek imagination 
with pictures of a dimly comprehended past* Our own Stonehenge 
in its completed form probably dates from much the same period and 
may even have been influenced by Mycenean ^tyle, for a Bronze 
Age dagger, carved on one of the sarsens, resembles the Mycenean 
type (p* 14). Here, too, it is impo^ible to escape the sense of mys¬ 
tery surrounding a technical marvel—the fetching of the 4a-ton 
blocks, some from a distance of 150 miles, the dressing, the erection 
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—which stands apart from any continuous technological develop¬ 
ment. 

It is more to our purpose to notice the beginnings of bndges, 
\^aterways, and roads. Early civilizations made use for the most part 
of fords, temporary' boat-bridges, or bridges of timber, which have 
perished even from memory. But there was a 36-ft wide bridge at 
the palace of Minos, and Nebuchadnezzar was traditionally the 
builder of a timber structure resting on more than a hundred 
brick piers, which linked the two parts of Babylon across the 
Euphrates. Contemporarv’ with Sennacherib’s great aqueduct (p. 
160), there was a 12-miIe underground conduit, 9 ft wide except at 
the intake end, built for supplying water to Erbil, the temple-city 
of Ishtar. As for roads, Her(^otus ranks the making of the stone- 
paved road which carried the material for the Great Pyramid as ’a 
work not much inferior to the py'ramid itselP. Both Egv'ptian and 
.Mesopotamian tow'ns were paved with flagstones, and there are 
short lengths of paved road to be found in Crete and other regions 
under Minoan influence. But no processional route is known earlier 
than that which the Hitdtes nude about 1200 B.c at their capital 
at Bogazkoy; then come those of the Assy'iians and Babylonians, 
Babylon itself having a Sacred Way built high above the plain and 
paved with red and white slabs of stone, each more than 3 ft square. 
The roads of the early empires, however, w ere routes made by usage 
and improved on occasion, as described in the imagery' of a sixth- 
century Hebrew prophet: ‘Make straight in the desert a highway for 
our God ... and the crooked shall be made straight, and the rough 
places plain* (Isaiah xl. 3, 4). 

GREEK AND ROMAN BUILDING 

The building construction of the Greeks and Romans, like their 
literature, is part of the common aesthetic inheritance of Europe. 
Systematic town-planning, for instance, usually on the ‘gridiron* 
pattern, began with Hippodamus of Miletus, who reshaped the 
Piraeus, and it flourished in Alexandrian Egypt, where the Greeks 
imbibed the tradition of the ancient empires. From the present 
standpoint, however, there is more to be learnt from Rome than 
from Greece, for, with the honourable exception of Herodotus, the 
great Greek writers show little interest in the way in which the 
glories of their architecture were produced. Our know ledge of Greek 
quarry'ing comes indeed from a Greek, Pausanias, but one who lived 
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in the second century a.d. For details of building methods we are 
largely dependent upon Vitruvius, a Roman architect, militaiy' en¬ 
gineer, and writer in the reign of Augustus. 

Greek architecture, for all its grandeur, had its origins not in the 
great buildings of the Near East, nor c\ en in the domed Mycenean 
tombs, but in the timber-framed house of European type, with its 
three chambers and hearth. The earliest Greek temples were of mud- 
brick with a thatched timber roof; to make a greater width possible, 
a row of posts was placed down the middle to hold the transverse 
beams, and for the same purpose ro>^’s of posts were likewise inserted 
in the mud-brick M-alls. Such were the humble beginnings of the 
trabcated architecture of the age of Pericles: the columns of the 
three classical orders derive from structures of wood. 

The hard limestone of Argos had been used in the Mycenean age. 
The classical architects used a different variety from the west and 
north of the Peloponnese, which had a surface suitable for plastering 
wth fine stucco (of burnt limestone) that >^'as aften^'ards colour- 
w*ashcd. But the marble used for the great public buildings at Athens 
came from the near-by quarries on Mount Pentelicon, rectangular 
blocks being obtained by chiselling a groove round each, and then 
forcing them out with wedges. This Pentelic marble had a close, 
fine grain and a milky whiteness to which the traces of iron in it 
added a rich brown patina after long exposure; since it also made 
fine joints and finished smoothly, it was obN-iously superior to stuc¬ 
coed limestone. Greek taste, unlike Roman, did not favour brightly 
coloured marble: the Parian, much used for sculpture, was white, 
the Naxian grey. The inferior marble of Hymettos and the huge 
limestone quarries of S)Tacuse did not come fully into use till the 
third century B.c, though the latter, which has one rock-face 90 ft 
high and more than a mile long, was the scene somewhat earlier of 
the Athenian captivity immortalized by Thucj dides. 

Trabeated architecture v^2S possible because beams and lintels of 
limestone and marble could be as much as 15 ft long. The columns 
were built up of drums, as in Egypt, fixed in position with small 
pins fitting into sockets at the centre. At the Parthenon these were 
as much as 6 ft in diameter, lifted by small projecting bosses of 
marble, which were afterwards chipped off, and brought up to the 
Acropolis in carts drawn by some thirtj’ or forty oxen. When soft 
stones were used the drums were sometimes turned on a lathe. Very 
fine jointing was achieved by grinding the blocks together. But 
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clamps were used of various metals, including iron, and a renmkable 
feature was the employment of wrought-iron beams—for instance 
at the Parthenon, where they acted as cantilevers to hold up the 
heaviest statues on the pediment. The low-pitched roofs of these 
great buildings had a timber framework (which docs not survive) 
supporting tiles of terracotta or marble. Before the end of the sixth 
centun- Corinth could supply riles for repair work, each numbered 
according to its correct position on the roof of a temple. 

The contribution of the Romans to building construction is really 
threefold. They adopted and adapted the work of the Greeks, embel¬ 
lishing their city and empire with temples and other public buildings 
which were in appearance a rather florid imitation of the 
Secondly, they took over and dc\'eloped the use of the arch, which 
had enabled the Etruscans, a millennium before the Roman empire 
began, to buUd, for example, a 24-ft bridge of wedge-shaped un¬ 
mortared blocks. Thirdly, they used the four centuries of their em¬ 
pire in the west for vast programmes of public works, mih which 
the modem traditions of civil and military engineering might be 

said to begin. ,, , . 

Augustan Rome was not built of marble, but marble vias used for 

dressing and finishing of work to an extent which made it importonl 
both as an import and as a product of Italy itself. The pure wlute 
marbles of Carrara arc still the most famous in the world ; among im¬ 
ported marbles peculiar prestige attached to the impcnal porphyTy 
from Egypt, first quarried under the Emperor Oaudius and retained 
as imperial property because its colour was the true imperial purple. 
Two other local stones used at Rome were travemne, of which the 
ancient walls of the catacombs and much of the Colosseum arc built 
-this came largely from TivoU^d a hard basaltic rock used to 
pave some of the roads leading out of the city. But the Romaic, of 
course, worked the stone in every part of their empire—froni Baal¬ 
bek in Syria, where .Antoninus Pius in the second century a.d. had in¬ 
corporated in a temple three blocks ofstoneme^nng 63 X13X loft, 
which still constitute a record for any building—to the g”*stone 
of Hadrian’s WaU. It is claimed that there is hardly any English 
building-stone which the Romans did not use: they c>xn took Bath 

stone as far as Colchester. . 

In quaming the Romans too used wedges, which were inserted 

into deep duselled hirrows and then saturated with so « 

to create pressure by sweUing. They were particularly skilful in 
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maturing their stone in the quarry: in the famous multangular tower 
at York the Roman stones for this reason survive in far better condi¬ 
tion than larger stones laid in the same place a thousand years later. 
Saws of copper fed with sand and emery were used for cutting, 
though much shaping w'as done by pounding with stone balls. In 
the last phase of the empire water-driven saws by the Moselle arc 
recorded in Ausonius*s Moulla. 

Returning to the age of Augustus, we must notice that Roman 
builders worked in other sul^tances besides stone. Kiln-burned 
bricks now became widely available, the largest being about 23 
English inches square, and the normal thickness in. Though 
generally covered with plaster or marble veneer, bricks were used 
as a facing for rubble and flint walls. Nevertheless, Rome itself was 
made chiefly of concrete. The Romans were fortunate in having 
av’ailable a volcanic earth called pozzolana^ which when mixed with 
lime formed a cement that resisted both water and fire. Blended with 
brick or stone, it made a concrete as hard as the brick or stone itself. 
Such concrete was employed not only for foundations and walls, 
cast between timber shuttering, but alw to make v-aults and domes, 
and the use of concrete between brick arches or ribs scr\'ed in par¬ 
ticular to reduce the weight of a vaulted structure. 

An arch of wedge-shaped stones, requiring little mortaring, can 
be extended to form a vault merely by the provision of additional 
material and additional timber framework for support during con¬ 
struction. The result, however, was not only dark but dangerous, 
because of the outward thrust upon the walls on which the vault 
rested. The Romans therefore constructed cross-vaults to buttress the 
w’alls, thus making possible such a span as the too ft of Diocletian^s 
pabce. The same problem of the outward thrust also confronted 
them (and their successors) in the domes which were among their 
greatest architectural triumphs. Thc>’ were designed chiefly for 
garden-buildings or the hot rooms of baths, such as the Bath of 
Caracalla, where the diameter was 116 ft; this structure also em¬ 
ployed T-shaped iron girders, apparently for a framed floor. But the 
brgest Roman dome adorned a temple, the Pantheon (a.d. i 10-25), 
which has an internal dbmeter of 142 ft, with the dome—of which 
the precise composition and mode of construction arc still a mj'stcry 
—resting upon a wall of concrete, strengthened by a sj’stem of 
built-in brick arches. This magnificent building, which has served in 
modem times as a ro}’al mausoleum, had doors of bronze and a roof 
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of gilt bronze dies. TUes, usually of terracotta, were also i^i^rtant, 
not only as a roofing material, but in the construcuon of the famous 
h\T)ocausts, the rooms over which were usually floored with large 
riles about 23 in. square. In one t>T>e of hypocaust, small tiles were 
used for the columns, through which the heat rose, and, whether 
it was circulated by this method or by channels under me flwr, the 
heat escaped eventually by means of flue-tiles set in the walls. 

In communications, hydraulic engineering, and fortification, the 
popular view which stresses the achievement of the Romans is al¬ 
most certainly right. Nev'erthe- 
less, harbour construction may 
not be the only case in which the 
achievements of earlier Medi¬ 
terranean civilizations were so 
far obliterated by the Romans 
that it is difficult for us to judge. 

Thus the ancient Eg>T)rian canal 
to the Red Sea (renewed by 
Ptolemy Philadelphus in 285 
B.C.), though used by Roman 
emperors, attracts little atten¬ 
tion in comparison with the 
great Roman road network; and 
what the Roman road itself may . . u l 

owe to earlier Etruscan ideas is quite obscured. As the Grwks pos¬ 
sessed scarcely any well-built roads unril Roman tim«. conm- 
bution in this respect is limited to the prepared wheel-rut (Fif. 66), 
though even of this there are some earlier examples in \Ulta. These 
ruts have a fairly regular depth, width, and gauge, mn often through 
shallow cuttings, and are specially provided for in the few places 
where there are stone setts. Seen at their best on pilgnnuge routes 
and the road to Delphi, they were a device for easing the |^ge 
of wheeled traffic which reappears many centunes later m the ap¬ 
proaches to mines and quarries. 

The construction of the great Roman roads was a far more wduous 
process. Thus a contemporary poet, Statius, giv« the following 
description of the maling of the Emperor Domitians new road 
linking Campania with Rome: 

The first task is to begin the furrows and to o^n out the track, a^^^cn 
with deep digging to hollow out the soil. Next, they fill in the hollow trench 



Fig. 66 . Greek rot-ro«d with side-brtnch 
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with other materials, and prepare a lap on which the road-surface may be 
laid, lest the ground should give way or the spiteful earth provide an 
unreliable bed for the rammed blocks. Then, with close-set curb-stones, 
on both sides, and with many cramps, they bind the road together. 

The reference to the hollow trench is a reminder that in Italy, as 
distinct, for instance, from Britain, the roads were not usually banked- 
up above the surrounding land. In Italy, too, the roads were less 
straight than when laid out in newly conquered territory, and were 
for longer disunccs paved with blocks of hard stone. But the gravel 
roads about 6 metres wide, which arc the type usually met with 
in the provinces, except in the vicinity of important towns, retained 
the essential features of good drainage and generous thickness. The 
Romans had surveying instruments for computing angles and 
measuring out distances, but it is uncertain how they achieved such 
a tour deforce as the alignment of Stanc Street on its ultimate desti¬ 
nation at Chichester from the point at which it leaves the Thames 
just east of London Bridge. 

WTiat is true of roads is true of streets. Qassical Greece was in 
this respect inferior to Knossos: a place of assembly might sometimes 
be ‘fitted with huge stones set deep in the earth*, as Homer pictures 
it, but the streets w hich led to it would be narrow*, muddy, unpaved, 
and undrained. The Romans had pavements of basalt slabs from* 
an early period, and cleared the surfacc-w^ter from the streets by 
swers, which ^c>’ imitated from Etruscan practice. Under the em¬ 
pire new* colonics ^d cities were generally laid out in squares, and 
the heights of building were restricted to the cquiv'alent of five 
storc)'s. But streets continued to be narrow by our standards in order 
to give better protection against wind, which was thought of as a 
bearer of disease as well as of rain. 

Roman roads occasionally passed through cuttings made in the 
solid rock and even through tunnels, but the most important en¬ 
gineering features, apart from the road-bed itself, were the bridges, 
essential to a network of fast communications running right across 
Europe. The earlier ones were of wood, and timber superstructures 
continued to be used by the military engineers in outlying provinces, 
as with Trajan’s famous bridge near the Iron Gates on the Danube 
(Fig. 67), to which the contemporar}* London bridge is believed to 
have borne a broad resemblance. But the characteristic feature was 
the semidrcular arch, with a span ranging from 16 to 65 ft; on the 
Via Flaminia, north of Rome, there was even one span of over 100 ft. 
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The usual material was large stone blocks or (later) brick with a 
concrete inner core, piers being built up of pozzolana cement after 
excavation inside a tightly packed ring of iron-tipped piles. There 
were often projecting cut-waters on the upstream side of the piers 
to reduce erosion by the water, and earthen embankments were 
raised where necessary to construct the approaches. A bridge 
still usable, which once sustained the tramp of the legions, is 
a most vivid reminder of Rome*s work in uniting the European 
world: such is the bridge over the Marecchia at Rimini, built in the 
first century a.d. 



Kio. 67. Tr«ian’» t'»k-cni> -picr brid^ nctr Orso^'a, c. A.O, 99, from a relief on 
Traian*! Column 


For reasons of necessity, the empires of the Near East had de¬ 
veloped great works of water convc}'ance. The Greeks were their imi¬ 
tators, and Herodotus, who thought the aqueduct of Samos w’as one 
of the three greatest Greek constructional achievements, caused its 
designer, Eupalinus of Megara, in the sixth ccntiuy B.c, to be the 
first hydraulic engineer named in history. The aqueduct in question, 
howc\’er, was two-thirds tunnelling and the tunnel, bored simul¬ 
taneously from each end, was originally 16 ft out of alignment in the 
middle. The Greeks excelled rather in mechanical devices. For in¬ 
stance, they adopted the principle of the siphon to carry water in 
pipes over intervening heights: in the second centurj’ b.c, at Per- 
gamum, the maximum pressure approached 300 lb to a square inch. 
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and the supply was driven up 500 ft into the citadeh The genius 
of Archimedes may not have originated the v^^ter-screw (p. 123), 
but Arab sources associate him with surv-ej-s and dams in Egypt, 
and a rather later Greek mcchanicianj Ctesibius, is associated with 
the im'ention of a pressure pump. 

But the Romans, who spread city life so widely and based its 
amenities so largely upon a lavish supply of water—it has been esti“ 
mated that Imperial Rome received over one million cubic metres 
a day, much of it brought into private houses by standardized lead 



FiO, 68. Roman aijiiicduct iior Nimes, fini centuiy a.d. 


pipes—were as naturally builders of aqueducts as Victorian Britain 
was of the railway viaducts which so often resemble them. The 
capital itself was eventually supplied by at least a dozen aqueducts, 
with largely underground courses except for the last ten miles across 
the plain, where it was desired to maintain height for the sake of 
distribution. The construction of a single aqueduct by the Emperor 
Qaudius involved the transportation of 40,000 wagon-loads of tufa 
annually for fourteen years. In the provinces they often march across 
deep valleys, as at Nimes, where the 900-fc tong Pont du Card (Fig. 
68) has a maximum height of 160 ft, and at Segovia in Spain, whose 
aqueduct“bridgc half a mile in length still carries water. Of the 
several minor aqueducts in Britain, perhaps the most interesting w‘as 
one 8 miles long, which supplied water to wash gold in Carmarthen¬ 
shire. The Romans also d ug canals to improve the drainage of rivers 
all across Europe from the Po to the Cam, and less frequently with 
navigation for the main object, as in the case of the 23-miIe Rhine- 
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Meuse canal, which eliminated a sea-passage. In this connexion their 
most spectacular achioement, however, vs'as the drainage of Lake 
Fucinus, which added 50,000 acres to the Emperor Claudiuses estates 
in a land-locked basin in the Apennines. For this they drove a 
3i-mile tunnel through the mountains—a record in tunnelling which 
stood unsurpassed until 1876. 

The oldest known harbour works arc those of T)Te and Sidon,and 
very impressive installations existed at Carthage before the Romans 
captured iti *Two Ionic columns stood in front of each dock, 
wTites Appian, ‘giving the appearance of a continuous portico to both 
the harbour and the island.* Athens had at the Piraeus a great wh^, 
which was used by merchant ships 200 ft in length, but the striking 
feature was the slipwaj's for the warships; these had raised ramps 
and colonnaded roofs and could accommodate 372 vessels. A still 
more spectacular Greek achie\'emcnt was the great lighthouse at 
Alexandria, built about 280 B.C, which ^-as more than 250 ft high and 
with the aid of polished metal mirrors threw’ from a fire of resinous 
w'ood a beam reputedly visible for about 35 niiles. This structure on 
the island of Pharos gave both a generic name and a common stepped 
form to other lighthouses of the ancient world. 

The artificial port of Rome, the Portus Romanus, was developed 
on an adjoining site after the silting-up of Ostia in the time of the early 
emperors. Its sLx-sided inner harbour, having a depth of I3~i6 ft, 
was half a mile wide, with concrete and brick qua)^, and a bottom 
of hard stone blocks to facilitate dredging. At Leptis, the terminus 
of the Sahara caravan-routes, 60 miles east of Tripoli, the quays of 
large limestone blocks w'cre backed by colonnaded w'arehouscs, 
some of which had a platform built out just above water-lev’cl to keep 
ships clear of the actual quayside. In both these cases, two great 
moles had been built out to sea as a protection, with the lighthouse 
on the extremity of one. There are remains of great breakwaters at 
other Italian ports, such as Puteoli, the main port for Rome, and as 
far away as the Straits of Dover the Romans built at least three 
lighthouses—two at Dover, of w hich one survives, and a veiy* famous 
twelve-storey structure at Boulogne (Fig. 69). 

The dry stone walling of Troy, whose surviving fragments almost 
certainly antedate the famous city of Priam, is a reminder that forti¬ 
fications have a longer history than cities. The classical Greek and 
Hellenistic periods saw the general replacement of wood and brick 
fences by stone, the use of ditches to keep besieging bow'men at a 
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distance^ and the growth of the practice of mining walk by timbered 
underground galleries which caved in when the besiegers set fire to 
the supporting woodwork. The Romans, having at their disposal the 
organized manpower of the legions and the directed labour of newly 
conquered peoples, built very complex fortifications, so that an 
enemy could enter a city of importance only by canning sc\’eral 

successive lines of w'all, each of 
which A^as protected by formid¬ 
able towers and ditches. This 
system perhaps reached a climax 
in the east Roman capital at 
G)nstantinople, where the land 
approach was restricted, and 
the triple fortifications could be 
correspondingly lavish (p. 28). 
But the Romans did not build 
strong defences only around 
their cities: c\’ery camp was 
fortified in proportion to its 
degree of permanence; and in 
Germany and Britain great walk 
barred the way respectively 
from river to river and sea to 
sea. 


THE MIDDLE AGES 

4 vy* 1 IMiUO iiVUI • MA* 

tecmb-«entury English irall>^)ainting The decline of the building 

arts is a marked feature of the 
E>ark Ages. In England, for example, both public and pri\'ate build¬ 
ings with few exceptions were made of wood up to the time of the 
Norman conquest. Wliere stone was used, as in the famous Anglian 
crosses of Northumbria, the softer types were preferred; apparently 
took were lacking w ith which to cut, for instance, the magnesian lime¬ 
stone of the north. Brick-making was virtually a lost art, and such 
stonework as there was in England seems often to have been exe¬ 
cuted, or at least superxised, by masons brought from France or 
Italy. The surviving split-log walk of Grcenstcad church, Essex, 
represent what must have been a common t)'pc of church building 
for some four centuries; the hall of the Saxon thane, w e may be sure, 
would be no better. 
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Italy, and to a lesser extent the Frankish empire and even Visi- 
eothic Spain, had a stronger tradition of stone building, based on^c 
development of the Roman basilica. This had been the public hall 
of the Romans, diNided by columns into nave and aisles, and, from 
the fourth century onwards, it provided the {wttem for the early 
Christian church. A semicircular apse was provided at the cast end, 
and a railed-off portico or ante-nave at the west, while the columns, 
which had formerly been in two tiers, were now set in a single row 
on each side of the nave, supporting nave walls that were pierced 
with windo^^'s to form clere¬ 
stories. This early Romanesque 



architecture, however, has left 
few traces, and it is sigmficant 
that its outstanding creation, 
Charlemagne’s cathedral at 
Aachen, is modelled upon the 
Italian Bj'zantinc church of San 
Vitale at Ravenna. 


This is a reminder that what 
was best in the west came from 
the uninterrupted Roman build¬ 
ing tradition of Constantinople. 
It was in 537, when western 
Europe was at its most barbar- 


Fio. 70. Tomb of Theodoric 


ous, that Justinian’s great brickwork cathedral of Santa Sophia w-as 
dedicated, with its arches of loo-ft span and astonishing pcndentive 
dome, so called from the use of inverted spherical triangles to convey 
the weight to the corners of a square tower, 180 ft above the pavement. 
Dedicated to the Dmnc Wisdom, it stUl bears witness to the sublime 
ingenuity of man. Brick was used in B>'2antine practice as a faang 
material, or in alternate courses with stone; and stone w'as jointed 
so accurately that some stone building w^ unmortared. Ihe 
Byzantine influence w-as naturally strongest in north It^y, where 
the church of San Vitale in Ravenna had for lightness a dome con¬ 
structed of hollow earthenware pots, while the famous mausoleum 
of Theodoric (Fig. 70), built in the same city and at the same penod 
nf the sixth ccntuH’). was suiTOOuntcd by a flattened 











*74 


BUILDING CONSTRUCTION 


5 


Romanesque architeccurej which began to spread across the Alps 
as the result of the visits of the higher clergy to Rome and some 
migration of Italian workmen, was dei'Cloped more vigorously from 
the beginning of the eleventh century. The Norman abbeys of Bet- 
nay and jumi^es w'ere the achie\'ements of an Italian Benedictine 
abbot, and the latter building seems to have inspired the wort of 
Edward the Confessor at Westminster. From the time of William I 
onwards, the style which the Normans themselves had only just 
acquired was stamped with increasing thoroughness upon the Eng¬ 
land they had conquered—the change can ev'en be traced in the 
frequent references to quariying rights in legal documents. The best 
material was obtained from Northamptonshire, south Yorkshire, 
and Somerset, but there was a natural preference for local stone or 
stone w hich w'as easily accessible by watery consequently, many im¬ 
portant buildings in south-east England came to be built of limestone 
from Caen in Normandy. Transport difficulties likewise required 
blocks of stone to be kept as small as possible: thick x^alls were given a 
core of rubble, and very often the rubble was merely plastered at the 
surface. The characteristic feature of church and castle alike was the 
semicircular barrel-vault of Roman origin, the outward thrust of 
which was at first combated nor by buttressing but by thickening the 
vrall or by introducing a second vault at right angles, as in the lower 
aisles of St John’s Chapel in the Tower of London. Windows also 
Jiad semicircular heads, often referred to as ^Norman*. 

Though the building of St Denis’s abbey church near Paris, which 
w^ begun in 1137, is generally regarded as marking the first bur¬ 
geoning of the st> Ic to w'hich a later age gave the derogatory name of 
Gothic, in England the starting-point is the rebuilding of Canterbury 
Cathedral by a French architect fully a generation later, and it is 
not untiJ the early thirteenth century' that the introduction of the 
pointed arch can be seen to have its fuD effects. The great advantage 
of the pointed arch w as that the height of the arch was then no longer 
fixed by the width it spanned; this made it possible to apply the 
principle of cross-vaulting used by the Romans. The soaring roof, 
which was the supreme gloiy' of a Gothic cathedral, reaching its 
climax in the iS7i-ft high choir of Beauv'ais, came to be supported by 
ribs which might spring from a single pillar in three directions to form 
arches of different angles reaching the same heighL Moreover, the more 
sharply pointed the arch the greater its thrust towards the ground 
and the smaUet the dreaded thrust sideways. In aisleless churches, 
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such as King’s CoUege Chapel, Qinbridgc, the thrust of the stone 
roof could be resisted satisfactorily by buttre^ing the ^-alls; othcr- 
>^isc it was necessary somehow to bridge the aisles, a problem which 
French architects solved triumphantly by the invention of the flying 
buttress, as seen at Westminster Abbey. In the structure of Salis¬ 
bury Cathedral, in the middle of the thirteenth cenmry, it is already 
possible to foresee the skeleton-form of build ing which was not 
developed to the full until after 
1500. By then the walls had 
become mere frames for the 
beauties of stained glass (p. 95), 
while narrow pillars culminating 
in fan-vaulting enhanced the 
sense of spaciousness. 

All this depended upon the 
work of the mason. By the four¬ 
teenth century at latest, all types 
of English stone were being 
w'orked, from that of Portland, 
which had already made its Lon¬ 
don d6but in Henry Ill’s re¬ 
building of Westminster Abbey, 
to the abbaster (g>T>sum) of the 
north-cast Midland, used for 
the carving of effigies and the , 

retabics of altars, and extensively exported To save transport much 
of the shaping of the stone was done at the quar^’, '^hich ^^s the 
common t^Lg-ground of masons and CTcn of the 
who, like the jobbing-builder of modem nmes, worked alon^de ^ 
men he supervised. There were three grades of workmen: the fre^ 
masons, so called because they were qualified to carve frff 
ungrained stone, especiaUy sandstone and limestone, which ^uld U 
worked in any direction); the rough-masons, who 
and did straight mouldings; and Ubourers, who fet^ and 
This last was both an arduous and a dangerous tas^ because ^though 
the mason’s tools were not very different from Aose of today (Fip 
71), for lifting heavy material there was noting •>«««|’ ‘*^ » 

Lut with a Led puUey and a windlass, whde ^ffoldmg mns.«^ 
only of lashed timbers and beams let mto holes m the wall (Fig - ja)- 
The Ubourers, about whom the recotds are usuaUy sdent, were 
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..... ,of a cathedral, from a 
lwelfih<entury English miniature: note 
tariety of loob 
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doubtless the most numerous class: when a Welsh castle was built 
in a huiT)', i,ooo labourers and 230 other workers were needed to 
support the efforts of 400 masons. 

The craft of the mason must not be allowed to obscure that of the 
carpenter, without whom the oak roofs, which were a particular 
feature of the English Gothic building, could not have been made. 
These were greatly strengthened by the abandonment of the old 
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tic. 7a. B m ldi n g in stone, from a French fiftecntb-ccntury manuscript 


praaicc of resting the rafters upon the outside of the stone vault. A 
tie-bwm \%as necessary in order to prevent the rafters from thrusting 
the sides of the building outwards, but with a high-pitched roof it 
was difficult to bring this low enough without obstructing the view 
of the east and west windows: hence the elaborate carpentry of the 
so-called hammer-beam truss. This compromise structure, peculiar 
to England, had the middle part of the tie-beam cut away to clear 
the view, but carried much of the out^^ard thrust to a lower and 
therefore securer position on the walls by means of a curved strut 
which pressed upon a vertical jack-leg. 

T^e roofs of large buildings w ere usually lead-covered. For more 
ordinary roofing, cerpiin districts had their own slate or stone, and 
in 1212 the use of tiles instead of thatch or wooden shingles was 
declared compulsory in London as a precaution against fire. In 
the course of the same century, bncks began to come into use again 
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for domestic architecture, at first as a foreign impart and later as a 
native manufacture in foreign hands ^ they were used chiefly in 
the eastern counties, where Flemings or Dutchmen settled. In the 
fifteenth century' a Lincolnshire castle (Tattershall) vi-as even built 
in brick, but by then the castle itself was becoming no more than 
a fortified dwelHng-^house, and greater importance attached to the 
city wall, built and rebuilt by local masons. 

The evolution of the stone church and castle, dominating the mud 
and timber buildings of the people, is a sto^ which leaves untold 
much of the varied development of the medieval builderart. For 
example, some Lighthouse towers of masonry' began to be constructed 
soon after the year looo, and from the thirteenth century onwards 
the profitableness of trade encouraged work on worn-out Roman 
roads and other trafhc routes. By 1237 the most direct way across 
the Alps had been opened to pa^-animats by the construction of a 
track with bridges through the Sc Gotthard Passj a second norths 
south Alpine road, passable for small carts, was made a hundred 
years later. Causeways over marshes were often built and main¬ 
tained by religious houses; less charitable motives influenced wamor 
kings like Edward I, who twice ordered the widening of the passes 
into Wales, Sometimes roads were surfaced with mortared blocks, 
more commonly with cobbles or broken stone bid on loose sand, 
making them easy' to repair, well suited to horse-drawn traflic, and 
not rapidly disintegrated by northern frosts. 

There w'as abo much work done in bridge building, especially, 
it appears, in England, though most English bridges were neverthe¬ 
less narrow and steep and suitable only for horses and pedestrians.. 
Old London Bridge (1176) with its four arches and drawbridge 
belongs to the same period as the famous bridge of Avignon with its 
twenty-one elliptical arches; but the geneml practice, as we ^ght 
expect, was to imitate the semicircular arches of Roman bridges, 
though the spans w'ere less uniform. WTiere the rush of water made 
it impossible to place a pier, the span of the arch was sometimes 
greater than in any Roman bridge. A fourteenth-century duke of 
Milan bridged the Adda with a 2j6-fT arch; the bridge was destroyed 
during a siege in 1416 and was not equalled for more than 400 years. 
Bridges, by converging traffic, sdmubted the growth of town life. 
At the same time the larger towns were becoming more clearly 
differentiated from mere villages by the revival of paving, which had 
been a feature of Moorish Cordova in the ninth century. Paris laid 
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rough slabs of stone at the royal behest to reduce dust as early as 
1185; a hundred years later the aldermen of London were instructed 
to pave their wards; and it gradually became usual to give at least 
the main streets a surface of stone or brick. There were parallel 
improvements in urban water supplies through the repair of aque¬ 
ducts and introduction of lead pipes, as at Canterbury Prior)' (Fig. 



Fio. 75. Part of pbui of Canterbury Cathedral and Priory, ahowing systems of water- 
supply and drainage, r. 1153 

73); by the end of the fifteenth centur)' some south German towns 
used for this purpose piston-pumps driven by water-wheels. 

But the enterprise which looks forward most clearly to modem 
times is the beginning of canal development. The growth of trade 
in later medieval Europe, increasing the activity on navigable rivers, 
proceeded side by side with the increased use of water-mills for 
power. From the end of the thirteenth century, and perhaps much 
earlier, this conflict of interest w as being met by the introduction of 
navigation weirs (stanches) to maintain the depth of the water, free 
passage being ensured by having a barrier that could be lifted and 
turned to one side. The flow was not interrupted, however, as in a 
lock, and boats had to be dragged through against the current. The 
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earliest record of such a weir on the Thames is from 13061 6y the 
sixteenth century there were twenty-three weirs on the sixty-two 
miles of river between Oxford and Maidenhead. 

It was, however, in Holland that a more elaborate tj’pe of sluice 
was de\'elopcd on the drainage canals^ when the tide was at the right 
height to balance the pressure of the canal-water on the other side 
of the gate, this could be w ound up, enabling boats to pass to and 
from the river into which the drainage canal emptied. By 1373 
latest, the Dutch had learned to build two sluice gates, between 
which lay a large basin, equivalent to a lock but operated more 
slowly, because of the great volume of water, and at long intervals. 
In the last decade of the century this was followed by the first lock 
of modern dimensions, capable of being opened and shut for each 
boat which passed, at Damme near Bruges. The development^ of 
the modem movable lock-gates, worked in pairs and containing 
small sluices to control the flow of water into the lock, seems soon to 
have followed. It was in a district farther east, but no doubt under 
Dutch influence, that locks were used for the first time, not merely to 
circumvent the effects of the tide, but to carr)' boats over a ridge of 
land between tw’o lower water-levels. The watershed betw'een the 
Elbe and the Stecknitz was surmounted in 1391 by two locks with a 
rise of 16 ft, followed by a 12-ft-deep canal cutting, making an inland 
water route from Liibeck to Hamburg. Similarly, in north Italy an 
irrigation canal, completed in I209t had later been deepened, 
equipped with stanches, and dubbed the Naviglio Grande; soon after 
1400 a sluice was made, enabling the marble from Lake Maggiore to 
be brought from it along the moat to the side of the new Milan 
Cathedral—an enterprise which prepared the w'ay for the larger canal 
projects associated with the Italian Renaissance. 

BUILDING FRO.M THE RENAISSANCE TO THE EIGHTEENTH 
CENTURY 

In general building construction the greatest impact of the Italian 
Renaissance is clearly that revival of classical styles, and even of 
classical methods in architecture, which by 145® swept through 
all luly except Venice, and by 1750 had complrtely ousted the 
Gothic in the remotest parts of Europe. The brick dome which 
Brunelleschi erected in Florence in 1420, with its two separate brick¬ 
work shells connected by 24 stone rite along the sides of the ^tago- 
nal V'ault, is generally thought of as the starting-point of Renaissance 
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architecture. The double dome, however, is neither Roman nor 
B>'zantine, but Persian in origin. Brunelleschi was among the first to 
turn back to the architecture of the ancients, and it was in his time 
(1414) that a manuscript of Vitruvius (p. 164) was found in a Swiss 
monaster}’, though it was not until i486 that the printing of it made 
it easier to imitate the principles of classical architecture without see¬ 
ing examples. Thus the classical orders of columns were revived, at 
least for decoration, in the building of splendid Renaissance palaces, 
which were spacious, light, and grand in the classical tradition. 
Rome in particular underwent a complete transformation, between 
the preparation of the first master-plan of the city for Pope Sixtus IV 
(1471-^4), through the revolutionary reign of Sixtus V (1585-90)— 
when the great architect, Domenico Fontana, transformed the lay¬ 
out of the principal streets and piazzas—to the completion of the 
colonnaded Piazza of St Peter’s by Bernini in 1667, which made the 
Papal Gty the crow ning glory of this last great age of Italy. It was 
Fontana who organized the removal, from the square behind St 
Peter’s to a central position in front of it, of the 75-ft Eg}’ptian obelisk 
weighing 327 tons, which the emperor Caligula had brought to Rome 
from Heliopolis (Frontispiece). Although the new position was lower 
than the old, the transportation engaged the efforts of about 800 men 
and 140 horses worlung 40 capstans, with a public executioner 
available on the site—methods hardly distinguishable (except for the 
capstans) from those by which such obelisks had been first erected 
three and a half millennia earlier on the banks of the Nile. 

Of St Peter’s itself it may be noted that the general design for the 
reconstruction, Bramante’s masterpiece, was inaugurated only eight 
years before its author’s death in 1514. Michelangelo’s famous dome, 
completed a generation later, bears a very striking resemblance to the 
Florentine structure: in both cases the stone ribs took the main 
weight of the lantern, poised so gloriously 300 ft in the air, though 
at St Peter’s the tendency for the dome to spread had to be counter¬ 
acted by the use of three iron tie-rings. Two centuries hter the ap¬ 
pearance of serious cracks caused Pope Benedict XIV to appoint a 
committee of three mathematicians, who calcubted that the existing 
rings were insufficient to withstand the thrust; on their recommen¬ 
dation five more were then added. 

The new impulse which Italy gave to European architecture goes 
bey’ond the profusion of her Renaissance buildings. In Alberti’s De 
u aedificatoria^ printed posthumously in 1485, description of the 
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techniques newly practised in Italy extends to such matters as canal 
locks. The universal genius of Leonardo da Vind, interested from an 
imaginative and theoretical point of view in almost eyerj'problem 
of the architect, builder, and engineer of his day, left in his studies 
much that still arrests the attention of later generations; and his 
ideas may have had at least an indirect effect upon Galileo. It is to 
the Italian astronomer, forced in old age by the Inquisition to turn 
aside from the more dangerous study of the machinery of the heavew, 
that we owe the first exposition of many of the problems of mechames 
and statics, published, significantly enough in Holland, in 1638. Not 
only did Galileo put together whatever the sixteenth century had 
learned in the sciences affecting buildii^ construction, but from his 
study of the bending strength of a beam there dates a new branch of 
sdence—the theory of the strength of materials. 

In France, which the Italian wars of 1494 onw'c^ds made familiar 
with the new tendencies, there were many imitations of the Italian 
dome and secular architecture w’hich rivalled and at Versailles sur¬ 
passed—Italian achievement. The buildings of Louis XIV spring 
readily to mind, but it was his grandfather, Henr}' of Nas'arre, who 
began to shape Paris into a planned city by means of a programme of 
public w'orks, designed as an act of restoration after the wars of 
religion and to create employment for his people. The Mansard 
roof, with its double slope on each side, though t^ng its name from 
a French architect bom in 159^* actually in use at Hampton 
Court, the Lou\Te, and in Italy half a century before his time. Its 
importance, perhaps greatest in France, was that it made it possible 
to combine the steep medieval roof—characteristic of north Europe 
with its heavy snow'falls—with the provision of good, well-lighted 
attics to accommodate a growing urban population. Gothic archi¬ 
tecture was, howcN'er, more firmly rooted in the north than in Italy, 
so that many of its features died hard, and the building of h^f- 
timbered houses and stone houses in older traditional styles, like 
those of the English Cotswold villages, continued all through the 
sixteenth and seventeenth centuries. 

In England, indeed, the impact of Renaissance architecture is as¬ 
sociated chiefly with tw'o architects, both of the seventeenth centur). 
It was in 1617 that Inigo Jones erected the first buildings that were 
in the Italian st>de throughout, as distinct from having Italian features 
superimposed on Gothic structure. At Greenwich, Whitehall, and 
Covent Garden he introduced the classical orders (p. 164), together 
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with large >Kijidows, low-pitched roofs, and hidden chimne}’s; the 
importance of the chimney y,-2s increasing wth the increasing use of 
cool (p. 146). But the taste of the English gentry had scarcely ad¬ 
vanced beyond the decoration of the fronts of manor houses with 
classical cornices and pilasters w hen the ci\il wars and their conse¬ 
quences checked building enterprise, so that e\'en at mid-centur>' 
Renaissance ideas were still making little progress. 

One of the minor works of Inigo Jones was the portico w hich he 
added to the west front of old St Paul’s Cathedral, which was in 
course of slow restoration for a generation before the Great Fire of 
London in 1666. This makes an interesting link between the man 
w ho brought Renaissance architecture to England from his empirical 
studies at Rome, and Sir Christopher Wren—already famous as 
astronomer and scientist before he turned to architecture—who 
created the vogue for it nearly a generation after the main work of his 
predecessor. Apart from his training. Wren wws well acquainted with 
the ideas of contemporary' natural philosophers such as John Wallis 
and Robert Hooke: nevertheless, his designs seem to have been 
largely empirical and inmiti ve. W^ren built fifty-two London churches, 
and left his mark also in both Oxford and Cambridge, but the new' 
St Paul s Cathedral transcends all his other achie\'emcnts—a trium¬ 
phant introduction into England of the dome brought at second re¬ 
move from Italy, for Wren himself never saw either Brunelleschi’s 
work at Florence or Michelangelo’s St Peter’s. Like its Italian proto¬ 
types, this is a double dome, but the space between the inner dome 
of brick and the outer of lead-covered timber is greatly increased, 
so as to combine the beauty of a hemisphere inside with the maxi¬ 
mum effect of a towering height visible then from all parts of the 
city. Wren’s dome solved the problem of the weight of the stone 
lantern by the inclusion of an unseen intermediate cone of brick. 

The Great Fire, which had completely de\'astated an area of 
436 acres around the cathedral, had important technological con¬ 
sequences outside the sphere of ^lesiastical architecture. Fire- 
engines, consisting of a portable cy'linder and piston pump arranged 
for continuous operadon, such as had been described by Heron in the 
first century a.d., had been introduced to England from Nuremberg 
in 1625 and manufactured at the rate of about two a year* the idea 
appears to have reached the American colonics in 1654. In the first 
fifteen years after the Fire, the use of leather pipes, enabling the 
engine to play from a safe distance, was introduced from Holland, 
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as was also that of iron-wired suction-hose instead of replenishing the 
engine from a chain of buckets filled, passed, and often spilt, by hand. 
Building regulations for London were given the authority of Parlia¬ 
ment, requiring uniformity in roofing and construction in bnck or 
stone, and fire insurance companies began to develop in Britain a 
full century* ahead of other countries. Yet public opinion did not 
give sufficient support to carry* through Wren’s bold scheme for the 
rebuilding, under which the dty would have become a planned urban 
centre with vistas comparable to those of Paris, and some of the 
light and air let into narrow streets by Hitler’s bombers would have 
become permanent amenities nearly three centuries earlier. \s it 
was, the formal town planning which Inigo Jones had begun at 
Lincoln’s Inn Fields and Covent Garden was allowed to expand 
only westwards and north-westwards, in the West h.nd squares, of 
which Leicester Square alone had been completed before the Fire. 
By the middle of the eighteenth century* their classical fa9ades were 
banning to reach as far as Oxford Street. 

If England was slow er than Italy or France to appreciate the bene¬ 
fits of town planning, she had, on the other hand, the advantage that, 
on an island enjo}*ing strong naval protection, the sites of iow*ns were 
less hampered by the needs of fortification. Though the Elizabethan 
fortifications of Berwick arc among the earliest speamens of the 
elaborate town defences which all over Europe replaced the medieval 
castle, the siege of Londonderry in 1689 w*as the last occasion on 
which urban fortifications played any important part in British domes¬ 
tic history. On the Continent the age of Vauban w'as then just daw'n- 
ing. The great French marshal brought to a fine art the sy’stem^ of 
carr>'ing the defence works far beyond the city w*all, and developing 
that w all into a scries of platforms for artillery*—a probleni to which 
Italians like MachiavcUi and Leonardo da Vinci had given their 
attention during the Franco-Spanish w'ars in Italy. The theory of the 
polygonal shapes which provided the most complete network^ of 
lines of fire from a given fortress area became part of mathematical 
studies. 

Vauban, w hose contributions were regarded with respect as late 
as the nineteenth century*, began w*ith a ‘first sy’stcm’. This combined 
the various devices for projecting the means of defence far in front 
of the original wall, such as the outlying fort or (Umi-lutu^ and the 
smaller outlying position between two bastions called the tenailUy 
which had been worked out in the wars of the two preceding 
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centuries. He later developed defence in depth, with a second ditch 
and wall behind the works of the ‘first system*. These were flanked by 
two-storeyed strong-points, containing well-proteacd cannon, which 
could fire at both the inner ditch and the outer bastions. Even if 
Vauban himself had not been associated with Louis XIV*s great 
canal w'orks and equally appreciative of their possibilities for com¬ 
merce and defence, it would be cas>' to sec that the great develop¬ 
ment of dvil engineering was helped by the accurate survejing, 
careful accounting, and competent assembling and organization of 
material and personnel required of the militar\' engineer. 

This is true, for instance, of the important'bridges, such as the 
Pont Roll’d (1685) in Paris, designed by Mansard’s great-nephew, 
J. Hardouin-Mansard, for Louis XIV, and the original W^estminster 
bridge, completed by a Swiss architect, C. D. de Labelye, in 1750. 
Old bridges often collapsed owing to insecure foundations; alterna¬ 
tively, the foundations had bwn placed on artificial islands (starlings), 
as with the old London Bridge, which so constricted the channel 
as to make the rush of water dangerous to boats. Better results fol¬ 
lowed the introduction of thecoffer-dam—a watertight building-area 
on the river-bed, from which the water was extracted bv pumping, 
and inside which it was possible to dig down to a firm'foundation 
upon which to build the piers of a bridge (Fig. 74). It is bclic>'cd to 
have been de Labelye who first improved on this method by sink¬ 
ing a cais^n on an area of river-bed that had previously been levelled 
by dredging. The caisson at Westminster, which had a wooden base 
30 X 80 ft, conuined the first courses of masonry for a pier, and had 
i6-ft side w^ls, so that it could be drained and used as a coffer-dam; 
when the pier had been built up suffidently, the sides of the caisson 
were wi^drawm for further use, leaving the wooden base and masonn' 
in position. The work also benefited from the use of pumping and 
pile-driving machinery worked by treadmill or water-power. The 
great attention that bridge-builders needed to give to the security of 
their foundations reflected the situation in building generally, for 
throughout ancient and medieval times builders had been remarkably 
casual about this aspect of their work. Thus the craft guilds com¬ 
monly gave no more than a ten-year guarantee against structural 
collapse. 

Bridge-building matemls, however, did not change greatly. .Al¬ 
though difficulties of jointing prevented timber from being u^d 
satisfactorily where the relation of beam to beam was one of pulling 
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rather than compressing, the use of a timber superstructure was 
proposed for Westminster bridge in the 1730*5 and vr2s the plan 
adopted for the Rhine bridge at Schaffhausen in 1757. Wooden 
truss bridges arc illustrated in Palladio*s I Quattro Libri (UlVArchh- 
tettura (1570), but their constructional advantages were not wdcly 
appreciated before the nineteenth century. One important improvc- 



FlO. 74. Coffcr-<Um nude of interlock^ pilei. Ramclli, U Jivtrsf 
et artificiote msfkiae, 1588 


ment certainly v^’as the spread of the use of the >»atcrproof Italian 
pozzolana cement (p. 166) for underwater construction, which, for 
instance, provided the watertight masonpr for the Pont Ro)^!. But 
the biggest improvement was that the wder cmplo3fTncnt of cranes 
made it possible to build with large, accurately-dressed stones, com¬ 
parable to the masonry of the Romans. Joints became closer, par¬ 
ticularly those of the wedge-shaped voussoirs forming the ring of 
the arch, while the arches themselves had longer spans (390 ft by 
the second half of the eighteenth ccntuiy), narrower intervening 
piers, and a thickness at the crown which fell from onc-nvclfth of 
the span, as recommended by Alberti, to a mid-cightccnth-ccntur>’ 
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figure of onc-twcnt>'-fourth. In general^ bridge construction became 
lighter and more graceful. 

Alberti, it will be remembered (p. i£o}, had written also about 
canal locks. Vt'lien he wTote, an Italian: engineer had just completed 
a 12-milc canal, which made a descent of So ft by eighteen locks 
(143S), and from then onwards a considerable network of canals 
grew' up in north Italy. Before the end of the century Leonardo da 
Vinci, who w as for a time ducal engineer of Milan, had for this pur¬ 
pose replaced the portcullis gate (Fig, 75), the superstructure of 

w'hich impeded navigation, by 
the modern mitre^te for which 
bis drawings suiT-ive. By the 
middle of the sixteenth century, 
mitre-gate pou nd-locks arc found 
outside Italy in the river im¬ 
provements of France, Branden¬ 
burg, and England. Thus the 
malt-boats from Ware passing 
down the river Lea to Eliza¬ 
bethan London entered a lock 
which was of modem type in 
every respect except its material of construction. The Hertfordshire 
poet, Vallans, in 1577 describes it as follows: 

Thb lockc contains two double ddores of wood. 

Within the same a cesteme all of Fkneke, 

Which oncly fils when boates come there to passe 
By opening of these mightic dores. 

By 1600 the lock had reached as. far as Sweden, w'here the first 
attempts were being made towards the construction o.f a through 
w'aterway between Stockholm and the west coast, taking advantage 
of the great lakes. 

By the middle of the eighteenth centur}', although England still 
had no true canals, comparable to those of the Gsntinent, the length 
of Ejiglish rivers which had been made navigable by artificial means 
was roughly equal to the w^holc of that which was naturally navigable* 
Most of these inland navigations had been made since 1600: for 
example, the Wey, the Warwickshire Avon, and the Worcestershire 
Stour were all opened up in the second half of the seventeenth 
centur)', and in the following fift)'years there w-as a significant growih 



Fig. 75. IjkJc wiLh poftcuIlB gats, InMn. 
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of engineering works on the main Yorkshire rivers, on the Merse}' and 
Ii^ell, and on the Weaver navigation across Cheshire to Mersey 
estuary. The last of these, completed in 1732, wzs within t^o de¬ 
cades carr^’ing an annual cargo of more than 50,000 tons. The firrt 
British-built summit-level canal >%'as not completed until 1745; it 
was a comparatively modest enterprise in Ireland, designed to carry 
coal from Nc^t}' to Lough Neagh for shipping to Dublin. 

Most continental countries lacked the rehtively long coastline, 
well supplied with sheltered harbours and deep estuaries, which 
enabled England and Scotland to rely mainly on coastal shipping for 
their internal trade. Where the alternative was road transport, there 
was an adequate incentive to canal-builders in the reduction of 
freight charges to one-quarter. The first important canal outside 
Italy was completed in 1561, with a fall of 34 ft, to link Brussels with 
the river Rupel; its five locks were large enough to accommodate small 
sea-going vessels. This was followed by other important works in 
Flanders after the Twelve Years Truce was signed between Spam 
and the Dutch in 1609: a 44-milc canal linking Bruges and Dunkirk, 
built about 1622, was both enlarged and extended in the follow'mg 
half-century. Canal-making in Germany was similarly interrupted 
by the Thirt)' Years War, but by 1669 an Italian and a Dutch engineer 
in the service of Frederick William, Elector of Brandenburg, had 
prorided Germanv with its second summit-level canal, which hnked 
the Spree with the Oder above Frankfurt. The greatest develop¬ 
ments, howT^ er, were in France, where the possibility of a canal 
from the Mediterranean to the Atlantic was discussed by Fran^ I 
with Leonardo da Vinci, who accompanied him on his return from 
the Italian wars. This grand project was not lost sight of in the 
troubles of the wars of religion, but Henr)’ IV and his great minister 
Sully decided upon a more modest project to link Briare on the Loire 
with a tributary of the Seine. In 1604 Sully set 6,000 troops to work, 
and in seven years the work was virtually completed; there ra a 
rise of 128 ft from the Loire and a fall of 266 ft to the l^ing. Final 
completion was delayed until 1642, however, largely for pohtical 
reasons, the only additional engineering difficulty being the need to 
provide a 13-mile feeder channel to increase the supply of water at 
the summit. This led into a storage rescr\'oir at summit level, au^d 
the same device was used forty years later when the Loire ^ffic 
was found to justify the construction of a second canal, givmg direct 
connexion between Orleans and the Loing. 
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But the reign of Louis XIV had what Voltaire called *its most 
glorious monument' in the construction of the Languedoc canal, 
following the more southerly of the alternative routes by which 
Francis I had originally contemplated joining the two seas. In i66i 
the engineer Riquet worked out a scheme for supplying water at the 
summit; this involved damming a valley by a >^1 105 ft in height 
to pro>ide a storage reservoir of 250 million cubic frot capacity, 
which was filled in winter for use in summer. The scheme being 
supported by G)lbert and approved by the king, a well-organized 
labour force of more than 8,000 men brought the canal into use by 
May 1681, sc\'cn months after the death of Riquet. The canal had 
too locks in a length of 150 miles, with a climb of 620 ft from the 
Mediterranean and a descent of 206 ft to the Garonne at Toulouse. 
The enterprise included a staircase of 8 locks, a i8o-yd tunnel (the 
first to be blasted w ith gunpowder), culverts passing underneath the 
canal for many streams, and three big aqueducts, of which those 
over the rivers Cesse and Orbiel were designed by Vauban. With a 
width at base of 32 ft and a depth of 6^ ^ the canal could take a 
barge of as much as 200 tons from the Mediterranean to the Atlan¬ 
tic. No such feat of civil engineering had been achieved in western 
Europe since the fall of the Roman empire; it anticipated the 
triumphs of the nineteenth century, though the use nude of it by 
through-traffic remained small. 

The highly centralized government of France under the anciftt 
ripnu had also taken the lead in road-building. As trade and travel 
increased, the tendenc}' was for the roads of Europe to deteriorate 
because local popubdons were indifferent to the needs of through 
traffic: bad roads favoured brigandage, and in some regions bnd- 
owners were bwfuUy endded to all spilt merchandise. Unbroken 
stone and bundles of faggots therefore condnued in use for making 
and repairing roads long after Renaissance enthusiasts had drawn 
attention to the far superior structure of the Roman roads. In France, 
howe\'er, the post of Grand Voyer became permanendy esublished 
in 1645: there were grants for new’ roads, a service of state coaches 
(1664), and a w idespread use of stone setts to make the pavh du rot. 
In 1720 the French Regency established the first body of technical 
civil ser^'ants to look after roads and bridges, which started an 
organized s>’stem of trenched roads. By the middle of the century an 
official training school, the Rcole des Fonts et Chauss^, had been 
set up in Paris with the result that—if we look forward as far as 
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1776—France had some 25,000 miles of highways under state con¬ 
trol, of which one-half was then being reconstructed or aliped as 
avenues. Moreover, the French method of superimposing the small 
surface stones upon layers of larger stones laid in the tre^h had 
found imiutors even before 1750 in some of the smaller German 
states and in the empire under Charles VI, W'ho linked Vienna with 
Trieste. 
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TRANSPORT 

beginnings: the wheel and the horse 

P ROBLEMS of transportation arc not peculiar to human beings, 
as we arc reminded, for instance, by the astonishing spectacle 
of beavers convc)'ing felled timber along miniature canals of 
their own construction. Nor arc they peculiar to the inhabited world, 
since the most sensational scientihc ventures of our own day arc 
concerned with transportation into outer space. With so vast a theme 
it is not surprising that there is no obvious starting-point. Women, 
w’c must suppose, were the first human burdcn-bcuxrs, canning 
infants and gathered food while the men acted primarily as hunters 
and protectors. Thus the t}ing of a bundle on the back or the dragging 
of it along upon the outspread twigs of a convenient branch are 
contributions to technology which probably had a feminine ongin. 

We do not even know at what remote time the burden was first 
transferred from the back of the woman or the contraption she 
pulled behind her to the back of a domesticated animal. Some have 
supposed that the dog was the first to be used in this way because he 
w as tamed first; others have given precedence to the reindeer, because 
it would be easy to make him pull a burden over the slipperj' snow. 
It might also seem likely that, once cattle had been domesticated, the 
idea that the strength of the ox could be used for rough haulage 
quickly suggested itself. There arc, however, no rclcv'ant facts cover¬ 
ing the early period of the domestication of animals (p. 45), w hich 
may even antedate by as much as two millennia our first certain 
evidence of a pack animal at work—the ass, which was so used in 
upper Eg>T)t at the beginning of the early dynastic period (about 
3000 B.c). Since by that dme it had also, in Mesopotamia, been 
harnessed to a vehicle, we may perhaps infer that the ass had already 
been carrying its burden for many centuries. It is certain that by 
2000 B.C caravans of pack-asses were in regular use in the Near East 
for tribute payments and merchandise. 

Two other lines of advance are of immemorial antiquity. The yoke 



Fio. 76. Min on ski*. Stone Age rock ctrv- 
ing, north Norway 
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and the litter were obvious developments from bundle-ca^ng; and 
the practices of dragging a bundle on a branch and dragging slaugh¬ 
tered animals over the ground in their skins must ^n have combined 
to suggest the possibility of shaping a tree-trunk into a rough sledge. 
We do not know when runners 
were first added to facilitate 
the haul over grass, bare earth, 
marsh, or snow, but in Scandi¬ 
navia the earliest sledges be¬ 
long to the Mesolithic Age and 
skis (Fig. 76), which arc based 
on the same sliding principle, 
existed there as early as the 
late Neolithic Age. In Egypt 
and Mesopotamia, too, it was 
the sledge which, together with the rope, enabled men to erect the 
first colossal figures of gods now long forgotten (Fig. 77 )* 

Equal obscurity surrounds the development of the boat from the 
time when man, a clums>' swimmer, first seized upon fioating objects 
to support him in the water. 

The hollowing-out of a log of 
wood, in order to sit inside 
instead of astride it, seems to us 
the most natural first step, but 
the infant Moses in his ark of 
bullrushes and the modem 
Welshman in his coracle of 
leather-covered wickerwork arc 
reminders of some of the other 
materials from which mankind 
evolved the boat. When multi¬ 
plied, the original single float ^ , r 

quickly became the raft, but to make an effective boat two further 
advances were required. One was to achieve manoumbihty by 
increasing the length in relation to beam, the other was to exten 
the hoUowed-out space so as to add to both buoyancy and ca^ty. 

Four further devices gave land and water transport itscharac- 
teristic form and pace down to the industrial revolution. ^ 
the wheel, the sail, the made way (p. 163), and the utdi^on of the 
strength and speed of the horse. Of the ongin of the sail, which has 



Fkj. 77. Trinsport of same by ilcdse. 
from a tomb at Saqqara, Ef}!)!, t. 2400 B.C 
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zn obvious protot>’pc in a w-atcrbornc, wndblown leaf, we can say 
little. Early £g>'ptian drawings show us reed-built vessels equipped 
to caiT)’ a square sail spread from a short yard on a bipod mast; 
that mast v,-zs placed well forward, the ship being designed to be 
carried upstream on the Nile before the pre\'ailing north wind. By 
the middle of the third millennium b.c ships of reed and, in greater 
numbers, ships of wood traversed the eastern Mediterranean; after 
the mast had been stepped more nearly amidships it was easier to 
sail across the wind (Fig. 78). The Tigris and Euphrates were early 


homes of the inflated skin-float 
and the coracle, but it is not 
known at w'hat period ships first 
sailed from there to the Red 
Sea ports of Egypt. 



In the wheel we have one of 
the greatest as well as one of the 
oldest technological advances. 
The cart wheel seems to have 
come into existence at about the 
same time as the potter’s wheel 


Fio. 78. Egyptiui model boet, e. 100^ 
1800 B.C, e tomb It Beni Hasan 


(p. 75) and certainly had comparably far-reaching results. Thus 
the earliest indication of the use of wheeled vehicles—a conven¬ 
tionalized sketch in a Sumerian account tablet, which shows a sledge 
mounted on four solid wheels—can be dated not long after 3500 b.c 
Cart, wagon, and chariot then quickly became characteristic of the 
early civilizations, though it was not until the second millennium 
B.C that the chariot was a horse-drawn vehicle of the type described 
in both Homer and the Old Testament. 

The w heels of these early vehicles were solid. This might be held 
to support the common notion that the idea of the w heel originated 
from the use of the roller by primitive man for moving hea>T ob¬ 
jects, such as the trilithons of our own Stonehenge (pp. 162-3). But 
in fact the solid wheels are nearly always tripartite disks, three 
wooden planks being carved to form a circle and clamped together 
by a pair of transverse wooden struts. The axle was made separately; 
but we do not know whether the wheels at first turned with it, as 
they still do, for example, in Sindh. It has been argued that the 
three-piece whwl originated in a country where large trees, enabling 
large wooden disks to be produced readily by transverse slicing, were 
not numerous and among a people who had metal saws, two 
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mdicadons that Mesopotamia is a likely place of origin. A second 
feature of the earliest wheeled vehicles is paired draught, which may 
have resulted from the transfer of the pole of an ox^irawm plough to 
the pulling of a sledge on wheels. Thus it may well be that the tri par¬ 
tite wheel and the pole both spread from a common origin in lower 
Mesopotamia. 

The spoke and the horse make their debut together before 1800 
B.C., when a light and easily mancEuvred horse-drawn ch^iot became 
a decisive factor both in the grrat wars betw cen the andent empires 



Fio. 75. Egj'ptiaii wbetl-wriglitK^ fiwn j tanib flft Thtbrtj f. 1475 


and in the upkeep of internal communications upon w hich their sur¬ 
vival depended. There is little archaeological evidence to support 
the theory that the spoke suggested itself as a result of the carving- 
out of holes in the solid wheel: it is safer to regard the radially-spoked 
wheel as a new' invention, one whose full possibilities for the bearing 
of heavy loads were not realized until the later Middle Ages. Four 
s[K>kes may have been the most usual number at the outset, but six 
and eight and even more occur in specimens belonging to the first 
six centuries of the spoked wheers know-n existence—a period during 
which its use spread westwards as far as Crete and became widely 
diffused throughout the Near and Middle East. The Eg>'ptian wheel- 
wTights (Fig. 79 ), the first of whom we have accurate knowledge, 
made composite hubs and felloes of separately carv^cd wooden seg¬ 
ments j these were connected by mortise and tenon joints to form 
a circle. The spokes themselves w-ere made of tw o piK^ of wood 
glued together end to end, and trimmed to fit with precision into the 
appropriate holes on hub and felloe. 

The carts and wagons used in the early empires arc known to us 
chiefly from the splendid examples preserved in ro>'al tomfe, but 
their general use was for the humdrum purpose of the carriage of 
foodstuffs, budding materials and metals, and migrant peoples, 
tm 0 
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During the third millennium B.C efficient types had come into use, 
which—apart from the introduction of spoked wheels—underw ent 

little further change among the 
ancients and, in some parts of 
the world, survive to the present 
day. Except for their clumsy 
cross-bar wheel, Greek country- 
carts of the classical period (Fig. 
8o) look not very different from 
some of the cruder types of 
modem times. But the chariots, 
which are likewise depicted on 
Greek vases, represent a high technical achievement that once 
shaped the course of history but has long fallen completely into 
disuse. 

Egyptian chariots, such as that found in Tutankhamen’s tomb, arc 
the oldest wheeled vehicles that still survive complete. They arc 



Fig. 8o. Greek oounuy-ort, iiom a vase 
of the fourth century B.C 



Fig. 8i. Greek war-chariot, from a vase of e, 500 B.C 


masterpieces of ingenuity, with heat-bending used to shape both 
pole and felloes. The floor w'as made of interlaced leather thongs, 
the yoke rested on a saddle on the horse’s back, held in place by a 
girth-strap to which the breast-harness was also attached, with a loop 
for the reins. These were fixed to a nose-strap, which with five other 
straps formed the bridle; the horses had blinkers, but no bits sur¬ 
vive. The linchpins leave a play of about i cm, for the wheel, which 
itself is fitted together with extraordinary defbiess and accuracy. The 
type of chariot from which Homer imagined his heroes dismounting 
to contest the fate of Troy was broadly similar to this (Fig. 81). 
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THE GRAECO-ROMAN PERIOD 

In classic^ times the art of war changed by the use of the 
horse for riding, a practice which, together with equestrian hunting, 
came from the steppe lands of Asia about 800 B.c. But the cfTcctive- 
ncss of early cav'alry—and the convemcnce of riding in generd as a 
means of transportation — was severely limited by the paucity of 
the horse*s equipment. Not until the fourth century' A.D. did the 
Romans replace the primitive horse-cloth by the padded saddle, 
adopted from the east. Though loose loops were not unknown as an 
aid to mounting, there were no metal stirrups to give fuller security 
to the rider’s seat, and this must have made the use of the prick- 
spur often risky. Horse-shoes, apart from a cy^pe which was tied to 
the hoof in slippery conditions, do not appear to have been common 
in ciriUzed countries much before the first cencurv' b,c., when the 
Romans partly adopted light shoes of iron, with nail-holes stamped 
through from one side and the free ends turned down to improve the 
grip. They were known much earlier among the Celts and other 
peoples by contacts vrith the east, but the r^lar use of hs^vy 
horseshoes in Europe was a medieval innovation. 

The pressure of the reins on the bit has from early times been 
important for the rider’s control of his horse. The earliest snaffle- 
bits w'ere of two links. ^ hesc were commonly replaced later by three- 
link bits, In order that it should be less easy for the horse to rake the 
bit in his teeth; It is probable that the bit vrasoften cruelly roughened. 
The matuEuvring of cavalry^ formations led to the development of a 
simple form of curb-bit, a loop of meul under the chin which could 
be pulled upwards and forwards by a rein on a lever. Later the 
Romans began the development of a curb or flange inside the horse s 
mouth w-hich could be pressed against the roof of the mouth, with 
the same object of forcing its head up so that its run would be 
effectively checkedir But the metal stirrup, w'hich enabled the cavalry¬ 
man to brace himself for the charge, was not seen in Europe until 
the rixth century a.d., when the Avars rode in from the trackless 
Asiatic steppes. 

Meanwhile, the wheel begat the road. There are knowm to have 
been some lengths of paved road in ancient Mesopotamia, Egy^^ 
and Crete, and the short-Hved Persian empire undertook the pavnng 
of parts of its famous network of tracks that were used as pstal 
routes. But the first great road system (p. 167), originally designed 
by the Romans as an instrument of conquest, could not enable the 
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cart, and still less the heavy four-wheeled is^gon, to compete against 
the ship* In the time of the emperor Diocletian the land carriage of 
a load of hay for 30 miles doubled its cost, whereas the carriage of 
a shipload of wheat the full length of the Meditciranean added only 
one-quarter to the price. Thus, although roads enabled the power 
and influence of Rome to spread far beyond the Mediterranean 
hinterland, it remained true throughout the classical period that 
civilized life depended mainly upon the ships that followed the path 
of the Ithacan ^over the wine-dark sea.\ 

Even in the Homeric age the ship of war and the merchantman 
had already become distinct. The warship was of light construction 



FiU. S3, Gml: caiUng mcrchuiE-yihip jnd uppoftnily 1 bireme, 

from a Tue o( iJk uxih century D.C. 


and propelled mainly by oars, though it is still unclear whether terms 
like trireme and quinquereme in descriptions of its more elaborate 
later forms refer to multiple rows of oars or a multiplication of 
rowers at each oar* Both trader and warship (Fig. 8a) had a well- 
developed keel and were carvel-built, that is, the planking, which 
was secured with wooden pegs, met edge to edge; but the trader was 
broad-bottomed, partly decked, and had hurdle-work for protection 
at the low waist. Moreover, the trader depended upon its square 
sail set on a single mast, for the simple reason that freightage would 
hardly ever have justified oarsmen’s pay, or even the capital cost and 
upkeep of a crew of slaves. 

It was only natural that the establishment of the Roman empire, 
which brought peace to the w^hole Mediterranean area, should be 
accompanied by great developments in Meditcrraneaji shipping. The 
Romans guarded the seas with strongly buUc war-galleys. These were 
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THE graeco-roman J'ERIQD 

propciled by oars set in two tiers, though a small mast set nghl for¬ 
ward made it possible to use a sail to take the ship out of action it 
the oarsmen wete disabled. They mounted a ram, but their mo^ 
important battle equipment was a hinged, spiked gangway, w hich 
eould be let down to grip the enemy for boarding. There is reason 
to believe thatthe heaviest type of Roman war-galley was as big as one 
of NcIson*s ships of the line, though far more lightly constructed: 
it had no armament to carry more powerful than the catapult, nor 
had it to cope with the Atlantic sweU. Since the emperor C^igula 
possessed a plcasure-gaUcy which was no less than 45a ft long, it 
seems safe to conclude that the only check upon con^dcrablc further 
crow th of the war-galley among the Romans the fact that they 
had no technologically equal enemy to build againsi; though 
some limit was imposed by the use of wood as a structural material 

fpp. 209, 37 ^)* . 1 1 IT r 

But the large cargo-cany'ing vessel w^ essential to the lue ot 

Rome: it provides the motif for many stone carvings 
clear its character. The hull was very strongly built with three or 
more protective wales, and was rounded like that of the m^ern 
sailing trawler, the length of the ship being 3* or 4 nmes the beam. 
The stern would lift well to a following sea, and only the two 
quartcr-rudders, one on each side of the ship, ltM>k clumsy to the 
modern eve. There was a mainmast amidships and a foremast in the 
bows, boih sharply raked forwiird, with a square-sail on each m^t 
and one or two topsails on the mainmast only. It was lower m the 
bows than any modem sailing-ship ’ but that was because me ^nerai 
practice was to sail mainly before the wind and trust to Providence 
to escape such storms as that which shipwrecked the a^tJe Paul 
on hlalta Safely arrived at their destination, the heavier carg^ 
were often distributed inland by barges, the gr^ for Rome, for 
example, being towed in this way from the mouth of the Tiber by 
oxen. The andent world had a standard t>'pe of river barge, keelles, 
with a flat floor formed of half-a-dozen wide and heavy planks, the 
floor-timbers bring pegged to large knees and th^ m f^tened 
to a heavy line of inside planking above water-levcL It is thought 
that boats of this kind of construcrion, from which the m^ern 
barge derives, had been carrying stone and, no doubt, other heavy 
building materials along the rivers of Europe long before the days of 

the Romans, . » * 4 

Indeed, it would be most unwise to assume that in the period 
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of ihe cbssicaJ civiNzations the barbamn world necessarily lagged 
behind where transport i^-as ooncemed. It is more probable than 
not that the horse-drawn, spoke“whecled chariot, winch wc first 
encounter in Mesopotamia, came there originally from some un¬ 
identifiable BronTic Age culture of the steppe lands. It was certainlv 
from that area, the habitat of the wild horse, that civilised man learnt 
the art of riding; the Gauls had horseshoes several centuries before 
the Romans. There is also the fact, to w hich Julius Caesar gave such 
lasting publicity, that the Greek chariot, w hich the Roman used only 
for racing and processional purposes, had undergone an astonishing 
development among the Cells against whom he fought. The sort of 
chariot which figures so much in De Belle GaUke was a masterpiece 
of joinery, smith’s wort, and enamelling. An even more striking 
achievement of the Celts before their conquest by Rome was a type 
of wagon of which the front pair of wheels w^as mounted on a swivel: 
this precedes by at least 300 years the appearance among the Romans 
of even a much simpler innoiiTicion, long known in China, namely, the 
use of shafts. These are first shown to us in a sculpture of a child’s 
miniature chariot found in a provincial tow-n of the third century' 
A.D. As regards ships, too, it was the barbarians of northern Europe 
who developed the clinker build, that is, construction from a series 
of overlapping planks fastened together by clinched iron rivets, 
although they were very slow to adopt the principle of the keel, on 
which the strength and stability of a ship mainly depends. 


TRANSPORT IN THE MIDDLE AGES 

The fall of the Roman empire in the west meant that life in w estern 
Europe became for a long jreriod decentralized, localized, and re¬ 
stricted, alike in outlook and in physical relations. Trade betw een one 

region and another—particularly in valuable imports from the east_ 

was never whoEy interrupted, but its volume was not enough to 
stimulate enterprise. On the contrary, the roads built by the Romans 
fell slow'ly into decay and their artificial harbours (p. 171) were 
allowed to silt up. But it is claimed that the more widespread use of 
the iron horseshoe was an important mitigating factor, because it 
enabled pack-horses to tackle the roughest pths. Where four feet 
could not climb, it was possible to use serfs or slaves as human 
burden-bearers. Harbour facilities, too, mattered less than might 
be supposed in an age w hose commerce was largely conducted by 
small boats plying on small rivers. The hazards of war and piracy' 
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discouraged distant exchanges on any large scale; indeed, the first 
important technological advance of the period w'tis in the arts of war 
rather than of peace. 

The Viking ship has probably been over-written for want of 
material with which to compare it, not with the shipping of western 
Europe, but with the By^nrine war fleet, for the latter w^ the 
true heir of the Mediterranean shipbuilding tradition. However, if 
wc accept the Gofcstad ship (Fig. 83) as being a Norwegian vessel of 
state of about the year 800, it follows that the Vikings of that era 
were as skilful as they were certainly warlike and adventurous. The 



Fra. 83. The GtAisuA ship. f. 800. ^er ttsioration 


vessel has a true keel, single steeringHjar with tilkr handle, w ell- 
raked stem- and stern-posts, sLxtccn rowing-ports cut in eac^ raised 
side, and a square-sail to be rigged on a single mi^t amidships. The 
whole is dinkcr-buili, light, and buoyant; and, as the name long- 
ship’ suggests, the length was a striking feature — at least five tim« 
the beam. In the course of two centuries these vessels grew until 
they had thirt>^ and e\-cn sixty oars a side, and in them the Vikings 
made their raids, their conquests, and their far-reaching explorations 
from the Russian rivers to the American coast. 

But the builders of Viking warships had no monopoly of invention. 
The Irish had braved the Atlantic waters before them in sktn- 
covcred boats of which practically no details survive. There is, too, 
a possibility that the longships built by King Alfred were not mere 
works of imitation but derived their efficiency from some know¬ 
ledge of Roman ship-construction. Moreover, the sagas seem to 
indicate that for trade purposes the Vikings themselves preferred a 
different t>i>c of vessel; at ail events, the merchant ships of the later 
Middle Ages were based on quite other models than theirs. In the 
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thirteenth century a broad-beamed sailing-ship, called a cog (Fig* 
S4), made its appearance in northern waters, meeting the demand for 
cheap freightage of bulky, mainly low-priced, commodities. This 
was clinker-built, with a single sqiiare-«iil, and is thought to have 
been an enlargement of the ‘round ship', which had been long in 
use in North Sea trade. 

Meanwhile, ovo important inventions, both of eastern origin, had 
come into vogue, first in the Mediterranean galleys, used both for 




war and for the carriage of such small butcosdy cargoes as spices from 
the Lc\ant. The lateen (that is, Latin) sail was the first triangular 
fore-and-aft sail, the use of which made it possible for the vessel to 
beat into the wind. The Moslems arc believed to have brought it 
from south-west Asia: it is found in Greek ships of the ninth cen- 
turj' and in Italian of the eleventh century, after which it became 
common on all the European coasts. The second important innova¬ 
tion was the stern-post rudder, the traditional high stern being 
lowrered and a port cut into it, through which the tiller passed from 
the head of the rudder to the hcLmsman^s hand. This, of course, 
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made for greater accuracy m navigation and fadiity' in tacking, and we 
may perhaps connect it i^ith die enterprise of the Genoese, who in the 
early thirteenth century began to undertake regular winter sailings, 
and before the end of the century' had inaugurated a dcHnite sea- 
route between Italian ports and those of the North Sean 

The use of the magnetic compass wus becoming common by then; 
it seems to have begun about the end of the first millennium a,d., 
and an early tradition connects it with Amalfi. Originally the needle 
was floated on straw to give a rough indication of direction, but by 
1269 at latest it began to be mounted on a pivot. Charts had been 
made for the .Mediterranean and Black Seas; a.d. 1270 is the date of 
the first recorded use of a chart on board ship. In the fourteenth 
century the lure of the Baltic trade caused the passage round the 
Skaw' to the Sound to be established as the first regular open^ea route 
for shipping. 

Meanwhile, the central Middle Ages had seen the spreading into 
general use of a major improvement in land transport, comparable 
to the use of the lateen saii at sea. Its origins, too* are partly Roman 
and Byzantine, though there is also an important influence, difficult 
to trace, from models originating farther east. Horse-power, as our 
modern use of the term implies, w'as the most universally available 
source of power know'n in the prc-industrial w'orld; but when men 
first harnessed the horse, their pattern was the primeval ox-yokc, 
which they applied unsuccessfully to the ass and horse, neither of 
which has the prominent and pow'erfiil shoulders of the ox. Hence the 
use of a breast-band, w^hich they tried to hold down by a strap passing 
between the legs to the girih-bind: chafing w as the least of the evils 
which resulted. When the horse pulled hard, there would be a chok¬ 
ing pressure on the windpipe and a compression of blood in the veins 
of the neck. The ancients had only a limited knowledge of anatomy, 
and though various experiments were made an improving the har¬ 
ness, particularly under the Roman empire, it was not until the 
twelfth century a,d. that the modem type of horse-harness became 
usual in Europe. 

There were three main Improvements. Shafts, w'hich could be 
attached well down the breast-band, had been only occasionally 
used in vehicles by the Romans; they now became general. Traces, 
which had been used to some extent by the Greeks and Celts, served 
in the same way as shafts to bring the pressure to the middle of the 
breast-band. When they came into common use in the form of 
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ropes, it bciraine a regular practice, as it had not been before the 
Middle Ages, for a team of draught animaU to be used in the most 
effective way—that bi in file (Fig. 85)* But the most vital trans¬ 
formation was that of the breast-band into the sdff, padded horse- 
collar. Wlien this, too, became established in the course of the 
twelfth and thirteenth centuries, the effective tractive power of the 
animal had been multiplied by as much as five. 

Thus, the horse began to come into its own. The modern type of 
cart-horse was first bred in France at this time, its original service 
being to carr)' the mcdieMiI knight in panoply, a heavy burden. The 
use of the collar enabled the horse to be substituted for the ox at the 
plough, albeit very gradually. More immcdbtely, the wagoner and 



Fra. fis. Twfl-wheded cati; fkina the IjJttrcU F^Cer 


the carter became key figures in the life of the age, though this was 
not because the vehicles themselves had notably improved: the 
wheelbarrow was the only striking medieval innomion. Even such a 
convenient device as the sw'iveiling front-axle, once used by the 
Celts, seems to have been completely forgotten until revived in the 
fifteenth century. Nor w as it until then that the wheel was further 
improved, by 'dishing' it—^that is, giving it a concave shape—to 
achlev^e better balance. All the mote remarkable is the effectiveness 
of horse traction. In England, what has been called the 'peasant 
reserve of carts* made it possible to secure conveyance at a penny 
per ton per mile in any normal case where the return journey could 
be made within the day. As bridges became more numerous, land 
transport could even, in favourable dreumstanccs, compete with 
water transport—between Southampton and London, for example, 
to avoid rounding the dangerous Kentish coast; or for the grain 
imports of tlie German Hansa tow'ns, when the normal route became 
afiected by high river-tolls. But speeds remained very low: when the 
king of Scotland's ransom had to be brought south to London m all 
haste in 1375, it travelled no more than 36 miles a day. 
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THE PERIOD OF THE GREAT GEOGRAPHICAL DISCOVERIES 

It Ls bdic% cd that in the Middle Ages transport costs were a 
smaller proportion of total costs than at the present day; in other 
words, the industrial revolution has produced relatively greater 
economies in production than in carriage. If this view of medicv'al 
conditions is conectj it helps to explain the persistence of commercial 
enterprise in EuropCj even under the discouraging circumstances of 
the earlier Middle Ages, and the wealth of commercial activity that 
characterizes the thirteenth and earlier fourteenth centuries. Yet it 
was in the middle of the fifteenth centniy's after a long period of 
declining trade, that the full-rigged ship came almost suddenly into 
existence—the first ship that was fit for great voyages of discovery' 
and new transoceanic trades* 

The northern merchant-ship, the cog{p. 200), had been imitated 
in southern Europe, so that the new' ship which grew out of this, the 
carrack, seems to be neither wholly northern nor wholly southern 
in t>T>c* It is clearly anticipated in the little Portuguese caravels, 
lateen-rigged ships w ilh two or three masts, which Heniy' the Navi¬ 
gator, from about 1415, sent on early %^oyages of exploration dowm the 
African coast. Since the shipwrights of the region round Bayonne 
had most to do with developing the new features, it has been pro¬ 
posed to call the carrack an ‘Atlantic' ship. The earliest dated pic¬ 
ture of a fully developed carrack is on a French seal of 1466: it 
shows what is essentially a modern sailing ship. 

The carrack (Fig. 86) was car\ei-built, according to the southern 
practice (p. ig6); but the rudder hung from the stem-posi, as in the 
north, and a tiller passed into the hull of the ship through a port 
above main-deck level. There was a forecastlc-hcad or deck in the 


high bows and two or more decks were built up behind in the poop. 
Though the waist was comparatively iow', the hull had sufficient 
room for cargo, stores, armament, and crew. They grew rapidly in 
size: by 1500 a vessel of 600 tons was becoming quite common, and 
Henry VIIFs ship, the Great Carrack, better known by its iat^name 
of Henry Crdce d Dku, was originally a 1,500-tonncr carrying 195 
guns and 900 men. 

The three or four masts—for a second mijizcn-mast soon became 


quite usual—mounted a variety of sails. The mainmast had a large 
square mainsail and a small topsail on the light topmast, w'hich rose 
above the halyards and lifts for the big square-sail yard. The fore^ 
mast, w’hich was shorter and no longer raked forward, carried a 
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second square-sail. These tw'o were the driving sails or ^courses*. 
The mlzzcn-mast or -masts had lateen sails running fore and aft, 
and there was also a spntsail on the bowsprit These smaller sails 
at the two ends of the ship could be easily furled or set and were 
especially helpful for manmuvring in narrow waters* 



Fia. S6. Three-mastctil camdc, from a. kEc-MiMrtLlwsniiiry 
Flemish engravut; 

The full-rigged ship such as w'e have described was now the ship 
par excellence: in a list of Henry VIIFs navy made in 1546, 'ship^ 
means *cirract\ By 1550 the big trading-galley, in w'hich Venice 
had specialized, w^as ceasing to be profitable. Its good dmeteeping, 
possible because the oars were brought into use whenever the wind 
failed, could not save it, even for expensive cargoes* But the slave- 
rowed war-galley, mounting guns and sail, survived much longer in 
Mediterranean waters. Four of them, indeed, came up the English 
Channel with the Spanish Armada, only to be defeated by the 
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English weather. There was also the galleon, which deserves descrip¬ 
tion as one of the first types of sailing-ship to be regarded primely 
as a warship. Though Traders of Oiarls Kingsley think instinctivdy 
in terms of Spanish galleons, they were actually a Portu^^e in¬ 
vention, and an English galleon, the Ark Royal^ was flagship in the 
Armada year. 

Galleons were rigged like other big sailing-ships of the period, but 
their length was about four times the beam. They also had lower 
castles fore and aft which, together with their relative narrowness, 
made them fast, though the reduction of the castles also made them 
more vulnerable to boarders. But the mam diflercnce from the 
ship of conuneicc was that the galleon, not needing cargo space, 
was built with a gun-deck which could support a heavy main arma¬ 
ment of cannon, discharged through ports in the; ship*s sid^. Thus 
naval warfare ceased to be a matter of ramming or grappling with 
an enemy. In the new age of the broadside, warships learnt to keep 
their distance, but the successful use of the armament still depended 
upon speed and manceuviabilit}^'. 

Ocean voyages in bigger and better ships were both a cause and an 
effect of improved methods of navigation, such as bad been unneccs- 
sar>' while shipping could find its way satisfactorily by landmarks 
along the coastline of the Mediterranean and the north-wx^em sea¬ 
board of Europe. The use of compass and chart, dead-reckoning, 
and sounding were no longer adequate for such tasks as Prince 
Henry’ the Na’iigator imposed, when he ordered his ships to voyage 
due south and in a given latitude turn at right angles to make the 
coast of Africa. The essence of the problem was how to adapt 
astronomical instruments, w’hich in such forms as the astrolabe were 
already highly developed, for use by seamen under shipboard ran- 
ditions, thus enabling latitude to he determined. Dates of inventions 
are very uncertain, since seamen were seldom wTiters, but there is 
good evidence that the sea-quadrant came first j the earliest account 
is dated 1456-7, From the engraved plate the sailor measured the 
angle of elevation of the pole star, observed through the pin-holes, 
by a plumb-line passing over an engraved scale. The measurement 
was corrected by reference to the chan^g position of the Guards, 
two stars in the Lesser Bear. The circling of the Guards had long 
been used for time-keeping, and early in the sixteenth century this 
was facilitated by an instrument called the Nocturlabc or Nocturnal, 
which was set to indicate the number of hours before or after 
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midnight. Latitude was also determined by observing the height of 
the sun at noon and taking the nccessar}' reading from a printed table 
of daily solar altitudes. 

Two other instruments w'hich seem to have come next after the 
quadrant w'erc the sca*astrolabe, a modihcation of the astronomer’s 
instrument and difficult for unskilled observers to handle, and the 
cross-staff- both were used for taking an altitude. The cross^taff 
was the simpler and cheaper instrument, partlcubrly useful in mther 
low Latitudes, and more apt for determining stell^ altitudes than 
solar ones. A transversal was drawn to and fro along a staff until one 
end covered the horizon and the other shot the star or the sun: the 
altitude could then be read off from graduations on the staff. From 
1595 onwards this in turn began to be superseded by John Davis’s 
back-staff, known to foreigners as the English quadrant, a more pre¬ 
cise instrument which had among its advantages that the user turned 
his back to the sun and so was less dazzled by it. English navigators 
had also been responsible a few' years earlier for the introduction 
of the log and line—the first major English contrlburion to the art of 
navigation. The log was a w ooden board throw n from the stem of 
the ship ; the line, which w as attached to it, had a series of knots at 
7“fathom intervals. Each knot paid out from the reel in a period of 
half a minute, measured by a sand-gkss, represented a speed of one 
sea-mile per hour. Observ-adons were to be made w-henever the 
wind changed, and entered in a book, brer called the log-book. 

Although its wandering was then, and indeed still is, uncertain, 
the secular v^ation of the position of the North magnetic pole 
was charted by 1702 and in consequence a ship’s course could 
be accurately measured. This, with the development of the log, 
made possible navigation by the method of dead reckoning, In w hich 
direction and distance is plotted systematically on a chart. Although 
this method has serious limitations — in particular those resulting 
from sidewaj’s drift—it was, and continues to be, of the greatest 
importance, for in a ship at sea it may well happen that celestial 
observations cannot be taken for days, or even weeks, on end. The 
problem of determining longitude at sea, however, still remained 
unsolved, for it depended upon the development of a really accurate 
chronometer that was robust enough to work perfectly on board 
ship. 

Qjntemporarv^ developments in inland transportation were much 
less sensational; perhaps the most important was the spread of 
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and improved river navigations {p, i86). The four-wheeled 
wagon, which in medieval England had been used chiefly a^ the 
occasional carriage of the great, now came into more general use, 
as it had long since been on the Continent, a 4-toii carrier's wagon 
being a common sight on the roads in the time of Shakespe^e* Its 
size was increased later, but the 4-tfinner survived to provide the 
model for the wagon used on the big farms of eightc^th-century 
improvers {p. 71). A development of the sdll more distant future 
was foreshadowed by the first appearance^ in the prosperous con¬ 
tinental mining industry at some rime before 1550, of wooden rails 
used to facilitate the haulage of heavily laden trucks. 

Of more immediate importance, at any rate to the upper classes of 
society, was the coach, which is supposed to have been introduced 
to England in 1564 by a Dutchman who became coachman to Eliza¬ 
beth r. The name, which is common to most European languages, 
comes from the village of Kocs in nonh-w^est Hungary', but what 
features of the coach were actually invented in Hungmy' is not known- 
The covered wagon w'as employed in the Middle Ages and earlier, 
but the coach from the first made the traveller less sore, though per¬ 
haps not le^ sick, by having its body suspended on straps. It also 
had a bogie or turning-train: that is to say, the front axle was attached 
to the chassis through a pivot, a device that had been revived for 
war-engines in the preceding century. 

Early coaches struggling through miry roads made practical use 
of postilions armed w ith w hips, such as are occasionally to be seen 
astride the horses in state processions at the present day; they had 
been employed with humbler vehicles since tlie twelfth and thir¬ 
teenth centuries. The word ‘postilion^ however, was originally a 
name for the post-boy, who rode with official dispatches and other 
documents from post to post or stage to stage on the roads of Eng¬ 
land and the Ointment. The horses used for this purpose, which in 
cases of urgency' might maintain an average speed of about 10 miles 
an hour, could also be hired by private persons, 

DEVELOPMENT FROM I 6oo TO 1750 

The growth of wealth, trade, population, and colonies in the next 
century and a half (1600-1750) was not accompanied by any par- 
ticulaxiy sensational advances in the means of transportarion. The 
duration of an average voyage across the Atlantic did not become 
appreciably shorter, nor did the tempo of a continental grand tour 
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become very different. A Dutch or English East Indiaman, the pride 
of their respective navies, would be unlikely, even in the days of 
Qive, to exceed ^ tons; such a vessel kept the sea for a generation 
or more, journeying 10,000 miles in the year wthout breaking bulk 
and cany'ing sufficient armament to protect ship and cargo in un¬ 
patrolled waters. Ships of the line, howe\'cr—the *great ships* of 
Pepys’s diar>—were enlarged to take more guns, all lesser tasks 
being relegated to the smaller and speedier frigates, which could 
not face the enemy’s broadside in battle. Accordingly, the building 
of the big warship, such as the 1,500-ton Sovereign oftlu Seas which 
Oiarles I built with the ship money, gave shipwrights in all the lead¬ 
ing nav-al countries a chance to develop new dc\'iccs which were 
later transferred to the trader. 

The longer, lower lines of the galleon type of ship were, on the 
whole, preferred. It became usual to have a flush deck running from 
end to end of the vessel, and, as the lowered poop caused the ship 
to labour less in a seaway, it became common practice to fit galleries 
and window's to improve accommodation in the stem. Capstan, chain- 
pump, ^IIc}', and hammocks all became common features of ships 
at this time, but the chief de>'elopment—carried farthest, of course, 
in the warship—was in the size of mast and spread of sail. The ad¬ 
dition of a fourth mast became less rather than more frequent, but 
in a big ship each of three masts had a topmast and topgallant mast 
above it and the fore- and main-mast also had ro>'als (short for top¬ 
gallant-royals), making eleven masts in all, as in the Sovereign of 
the Seas, ^ ^ 

WTiosc braw Top top-top Royal nothing bars, 

By day to brush the Sun, by night the Stars. 

The sail area was further increased by setting triangular fore-and-aft 
sails on the sta>'s between the masts, and there were also studding- 
sails added to increase the area of the square-sails in fair w eather. 

A warship built on such a scale required the felling of some 2,000 
oak trees—50 acres of woodland, which would not bear a setind 
harvest for at least a century'. Even the launching of so heavy' a vessel 
from the dry docks, in which they were usually built, presented 
great problems, as did subsequently their careening, to bum and 
scrape off marine growths, and for repair (Fig. 87). 

Ships were very carefully designed with the help of a large mould- 
loft, on the floor of which sections for the timbers could be drawn 
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DEVELOPMENTS, 1600—1750 

without reduction. The original drawings were worked out by the 
master-shipwright at his table (Fig. 88 ), commonly on a scale of 
i in. to the foot; ever)’ cur\-c of the timber was then transferred full 
size to the mould-loft floor with the help of large divided compasses 
called sw’ceps. Although the growing interest in mathematics and 
science undoubtedly helped to formulate the proportions and sail- 
spread for the designs, methods remained almost wholly empirical; 
Pcp)*s*s contemporar)’. Sir Anthony Deane, is reputed to have been 
the first naval architect who 
could compute in advance the 
exact depth of water required 
to float a new vessel. Most ships 
were in fact based upon the 
midship section of some notably 
successful vessel prc\iously built 
by the same individual or firm, 
as recorded in the careful scale- 
model—of which many examples 
still sur\’ive—that shipwrights in 
early days often preferred to a 
plan as guidance for their work. 

Ships of the eighteenth century are also known to us in nuny cases 
from surviving plans. The steering-wheel came in about 1705* 
topsails became bigger in comparison with the courses; and a new 
t)^^ of sail, known as the fl>'ing jib-boom, replaced the spritsail in 
the bows. More interesting is the fact that the big ship was coming 
to be of international type, though the Dutchman was still made 
shallower and broader in order to negotiate the Zuider Zee. This 
tendency towards standardization resulted from the almost perfect 
adaptation of design to function that had now been achio ed in the 
sailing-ship. 

So long as the chief constructional material was wood, 2,000 tons 
was about the maximum size of ship that could be built. But it was 
only the ship of the line, followed at a considerable interval by the 
merchantman eng^ed in distant and hazardous trades, that aspired 
low^ds this maximum. The bulk of the mercantile marine of every 
seafaring nation consisted of much smaller craft: as late as 1800 the 
average tonnage of English merchantmen was no more than too 
tons. Here, as in the design of their fishing fleets (p. 64), the Dutch 
long took the lead. In the first half of the soenteenth centur)’ the 

p 
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Jluitschip undercut the English ajid French in the carrying trade by 
30-50 per cent., and when, the Navigation x'\cts intervened, the ‘fly¬ 
boat’ or 'flute’ became anglicized by de\ious means 10 work in large 
numbers under English ownership and the English flag. 

This toiiT de fone of Dutch shipbuilding represented a combina¬ 
tion of favourable factors. Building costs were reduced by the pre¬ 
valence of low rates of interest in Holland and by the ivell-cstablished 
Dutch control of the market for timber and other ship’s stores in 
Norway and the Baltic lands. Labour was saved by the use of wind- 
driven sawmills and great cranes' the latter particularly impressed 



Fjo. 9>S. Tudg;: ^hipHiestEnen wrkp ^ler aji Englkh mEfiusdipiT d* the 
lalr^sixtieciith CEntorr 

emissaries from ColberL Above all, there was the skill in adapting 
craft to function which the Dutch had acquired in dealing w'ith their 
native problems of inland navigation: they had thirty-nine types of 
river and canal boat. iTiis enabled them to design a ship with a very 
large hold; narrow lines and light timbers (200-500 tons was the 
normal burden); three short masts; and a ‘tumble-home’ to reduce 
bulk and wind-resistance above the water-line. Barring accidents, 
to which they were somewhat prone, these ships sailed so fast in 
comparison with more orthodox tj'pcs as to make possible an extra 
voyage to the Baltic within the sailing year; moreover, cairjnng 
simplified rigging and no guns, they were worked with less than half 
as large a crew^ 

The growth of science brought with it improvements in the sea¬ 
man’s equipment. Perhaps we may include under this heading the 
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work of Edmond Hailey the astronomer, who in 1686 published the 
first wind-chart of the trades and monsoons and in 1699^1702 charced 
aiso the global variation of the magnetic compass. This was the 
earliest isometric map, and was twice revised in the foUowmg cen¬ 
tury as better obsen^ations became avaQable, The quathant and 
back-staif were greatly improved upon by a method, anticipated by 
Isaac Newton, which was demonstrated before the Royal Society 
bv John Hadley^ m 1731 ■ This used an octant, in which the image ol 
the sun or a star was reflected by a mirror on to a set^nd ^or al¬ 
ready aligned with die horizon; the angular observatton cA the alti- 
nidc was made by a telescope moving over a graduated A 

very great advantage of the octant was that it was not affected by the 
modon of the ship, Adiraialty tests in 1732 showed Had% s instru¬ 
ment to have an accuracy' of not less than 2 s Simultaneous j ^ 
independently Thomas Godfrey, of Philadelphia, devised a similar 
instrument, while Caleb Smith in Britain designed one which used 
prisms in place of mirrors, a valuable feature in view^ of the sc^city 
of good mirrors, though his design was in other respects mftrior to 
Hadley’s. With an extended sede, the octant developed mto the 

modern sextant, . 

Meanwhile, the extreme importance of the problem of determin¬ 
ing longitude at sea had been emphasized by the setting up of a 
Board of Longitude in Britain, empowered to make an award ol 
£20,000 to 'such Person or Persons as shall discern the l^n^^tudc 
at Sc^\ This was in 1714. seven years after disaster had befallen a 
British fleet off the SdlUes, when the loss of ^e flagship with all 
hands was believed to have been due to the inability of ^c htocr of 
the Fleet to fix its longitude. But it was not until 1762 that a c^ono- 
meter made by John Harrison, his famous No. 4, fulhlled the ra- 
acting requirements of the award, and the problem of a prease 
determination of longitude at sea w-as finally solved Nine yea^ 
later a smaller version of this accompanied Captain Cook on rus 
second great voyage, in which he charted the mysteries of the south 

Pacific ocean. . » , * . t 1 r 

The development of roads and of vehicles is obviously closely 

interrelated: thus in England during aarles Ps reign there was even 
a period in which the use of stage-wagons was banned tn order to 
protect the public highways from w ear ^d tear. For a very much 
longer period the minimum width of the iron tj-re presmbed by 
one time it was as much as 16 in.—and m the middle of the 


Ill 


TRANSPORT 


eighiccmh ccntiury the use of broad-wheeled vehicles vt-as still en¬ 
couraged by making them free of the toll-gates which were then 
becoming numerous. At that dme the average width was 9 in+, but to 
circumvent the regulations designers began to build bevelled wheeiSi 
of ivhich only about 3 in. nomnally touched the road. For heavy goods 
the 3 -ton wagon drawn by as many as twelve horses was the only 
ri\al to the river barge and the pack-horse train* It also carried the 
poorer passenger: in an aristocratic age technical progress ministered 
mainly to the needs or ambitiDns: of the rich. From 1665 or there¬ 
abouts the roughness of the road 
w'as mitigated for the coach 
traveller by the introduction of 
the first springs, which sup¬ 
ported the body of the coach on 
C-shaped < strips of tempered 
steel; lighter travelling vehicles 
with two w'hecls also began to 
make their appearance. Since the 
seventeenth century', the rival to 
the coach for town use had been 
the sedan chair* But now the 
growth of properly paved streets 
and squares, which resulted from eighteenth-century' town planning, 
encouraged the construction of ail kinds of fancifully named experi¬ 
mental vehicles, such as the tiriw'hiskey in which Jeremy Bentham 
in his youth set out from London for Paris and the/ct de shamhre in 
which apparently he arrived there. 

Systematic progress in design, how'wer, depended upon the im¬ 
provement of road surfaces* Here, in the period immediately pre¬ 
ceding the industrial revolution, France clearly led the way: England 
had nothing to compare with the French organisation (p. 188). 
It would have required more than human insight to attach any 
special significance to the development in seventeenth- and early 
eighteenth-century England of the rail-way which, as aheady noted, 
had appeared in its most primitive form among the German miners a 
generation or two before (p* 207). The Germans at first had a pin 
underneath the truck, which moved along a groove in a plank so as 
to keep the front wheels on a straight course (Fig. 8g), but it is 
possible that before the end of the sixteenth century' flanged wheels 
of w'ood were also in use (Fig* 90)* The earliest English reference to 



FlO* Mioer^t trudic, wilt pin tocnpgie 
in grooved pUiik. Agncola, *S57 
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rails occurs in a colliery account of 1597-8, but \^agon-^waj^ kid with 
timber ‘tilting-raik' developed fast; the coal trade was growing 
rapidly, and much of it was horse-drawn for long distances down from 
the mine to river- or sca-leveh As with the rut-roads of the ancients 
(p. 167), the w^gon-wheel ran 
in a groove at the outset, but 
the success of the system en¬ 
couraged adaptation to different 
forms both of rail and of wheel, 
as we shall see later. Fig. 90. Traftsylvuiiin cdilri¥a^ii with 

Meanwhile, the Britain of fbflgcd wh«!, sifl^nih ccntvry 

Daniel Defoe—of w^hich wx get 

a far clearer economic picture than of any one country on the Conti¬ 
nent—was still a land in which e\'en gentlemen Me more than they 
drove and the poor travelled on foot. Fast-trotting horses might be 
used to convey fresh fish from Lyme Regis to London, but much 
capital's food supply walked there from the poultry farms of Norfolk 
or even from the cattle-grazing distnets of Scotland and Wales. For 
long-distance transport away from the rivers the pack-horse was still 
the prime goods-carrier, and coal, which was to be the life-blood of 
the new era, still cost six times its pithead price to deliver taxed m 
London, 
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SPEl^EtH AND RECORD 

S PEECH, writing, printing, and photography are four stages in 
the tcchnolog)^ of recording* For the purpose of the present 
history, printing is the most jmportant of the four because its 
impact on society can be uci^'ed in full, from the stir made among 
the literate few by the first inventions in the fifteenth cenniry to the 
effects of almost universal literacy among the western nations 400 
years later. By contrast, the impact of photography, especially in the 
form of the moving image, was only bepnning to be felt in a.d. 3 900. 
As for speech and wTidng, we can but dimly discern what these 
innovations meant to mankind, since we know relatively little of 
man’s prehistory before he learned to write, and virtually nothing 
of man in that most remote past when he communicated with his 
kind only by the sounds, signals, and gestures of the animal. 

It has b«n well said that language is correlative to the tool. 
Palaeolithic man made words as well as tools, but ad is surmise as 
to the process by ivhich the cries of the animal were dc\^eIoped into 
the language of man, enabling him to communicate his thoughts In 
speech. The Australian aborigines, still living in the Palaeolithic 
stage in the eighteenth centuiy^ a.d., had, nc\'ertheless, as many 
languages as there were tribes—perhaps 500 wnth an average mem¬ 
bership of 500 apiece^^—who then roamed the island continent. The 
mist does not begin to clear before the Neolithic revolution, when it 
is easy to see that the growih of specialised activities w^ould lead to 
the growth of spedali^d vocabularies—-of the potter, the agricul¬ 
turist, of the women spinning and weaving in the hut. The rise of 
civilization in its turn would produce new- needs of vocabulary, to 
express ideas both concrete and abstract, and a modification of 
grammar until it reached a condition of exactness without archaic 
cumbrousness. Thus wc arrive at the stage reached by the 
classicai Greeks, beyond which language has made no notew'orthy 
progress. 
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Languige in itself is the most evanescent of all tcchnolo^eSi since 
until modem times it left no record on the air. The enduring record 
begins with Palaeolithic art, though no doubt there were sign mes¬ 
sages long before the oldest of the Palaeolithic cave paintings w hich 
survive. Cave paintings, it is believed, had probably a magical 
significance for the hunter, and may have given a purtly personal 
aesthetic pleasure to the painter* At the same time, it is difficult to 
look at the representation of a hunter gored by a wounded buffalo 
(Fig. 91) without supposing that its author was deliberately record¬ 
ing the event. But the great step from painting to wTiting would 



Fio. 91. Uffpet PilacoUthic caTC palniirtff it LasaiH, Frantce 


only be taken when man, moving into a condition of civiliiiation, 
required to make quantitative records to nmintain the life of the 
From the temple archives of Sumerian Ercch, which Jewish 
legend numbered among the possessions of Nimrod, the first 'to be 
a mighty one in the earth' (Genesis x, S), there survives a set of 
tablets (Fig. 92) in which pictures are used systematically for record. 
It is thought that these arc the accounts of the temple, and they date 
from about the middle of the fourth millennium b.c. These word- 
signs or pictograms express not only concrete nouns, such as bread, 
but also verbs, such as to eat, represented by a hand and mouth when 
placed alongside the sign for bread; their interpretation is often un¬ 
certain, but it is possible that some of the compound sigtis depict 
objects, the names of which are compounded to represent a proper 
name or a person. Be that as it may, from the beginning ffie senbes 
of the Sumerian city temples dev'cloped the art of recording by ^ 0 
methods. One was to mark the pictogram with lines so as to modify 
its meaning: for instance, a line under a chin to convert the sign for 
head into the sign for mouth. The other was to use the pictogram to 
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represent not a thing' or acriotij but a sound—in much the same Ti'ay 
ns we, faced with the same prablem, might use the sign for 'ass^ to 
represent the syUable ‘as* — a change which was all the more ip'aluable 
because the Sumerian vocabulary consisted mainly of monosylkbleSr 
This enabled the number of signs in use to be reduced, so that by 
about 2900 E-C- a total of a,ooo signs had been reduced to 500 or 
600, of w hich about too represented a syllable, that is, a vowel 



Fjo. gi. FictDgnphk tablet fram Efech, Sutneria, jr. jjbo BJO. 

with or without accompanying consonants. Since, how'c%er, the 
consonantal sounds were not distinguished from the syllables in 
which thej' occur, the Sumerians never achieved an alphabet. 

The development of writing has at all times been greatly influenced 
by the nature of the materia] available and the means of marking it: 
even today bbekboard and chalk present different problems of calli¬ 
graphy from those of paper and pen. Apart from monumental in¬ 
scriptions on stone or (later) metal, the early Mesopotamian peoples 
WTOte exclusively upon tablets (usually about 3 X 4 in.) and variously 
shaped blocks of day, the markings being done originaily with a 
sharp pen of reed—difEcult to draw with on the wet clay. But by 
about 3000 B.c it had become usual to shape the end of the reed like 
a wedge, and, with the help of different sizes, to build up the re¬ 
quired sign by stamping wedge-shaped marks into the day. The 
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sign soon lost its resemblance to the onginal pictogranit ail more 
so when the Semitic conquerors of Mesopotamia adopted this cunei¬ 
form wriring {cuneust wedge) to represent their Semitic language, !c 
w as also taken over by the Hittites for their very difierent Indo- 
European language, and figures as late as the middle of the last 
millennium n*C in the Susian 
inscription of Dariuses victories 
on the Rock of Behisttm^ In 
the meantime it had ser%^ed to 
spread Babylon ian culture widely 
through western Asja. 

It is probable, but not at all 
certain, that the Egyptian system 
of wTtting grew originally out 
of the Sumerian. Nevertheless, 
it developed very differently 
and, it w'ould seem, from differ¬ 
ent needs. For Egyptian wTiting 
begins with the formatton of the 
united monarchy, and its first 
known use was to help monu¬ 
mental art in recording the 
names and achievements of the 
kings^ The Egyptian hierogly¬ 
phics (or sacred carvings) arc 
also distinguished from the 
Sumerian system in that they nev cr abandoned the idea of the pic¬ 
ture, as It first appears in *King Naimer^s palette (Fig. 91) 

3100 B.C., which is said to indicate that the god Homs brought to the 
Pharaoh 6,000 foreigners captured within his land. Hieroglyphic 
survived for occasional use as late as the Roman period, but for docu¬ 
ments, as distinct from monuments, the Egyptians developed more 
rapid forms of writing (hieratic and demotic), in which the cleir out¬ 
line of the pictorial sign disappears, as with the Sumerian, smd the 
sign commonly represents a sy llable. The Egyptians were able even 
to represent a consonant bv a single sign, but were so conservative— 
their writing, like much else, centred largely upon the ntes for the 
dead—that they refbined from taking what would seem to us the 
natural step of discarding more difficult methods in favour of a purely 
alphabetic system of wridng. 
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The Egyptians had no need to resort to cuneiform writing because 
they had paper and ink with which to write. To make paper^ the 
pith of the papjTus reed was cut into strips, w hlch were laid across 
each other at right angles, pressed, dried, smoothed, and gummed 
together to form a roll. They made their ink from lamp-black and 
gum-solution, their pens—used brushwise at first, but later cut like 
quills—from rushes. Papyrus w'as an, Egipdan monopoly but con¬ 
venient to export, and therefore a pow'crful stimulus to the spread of 
writing among Egypt's neighbours east and west. 

Hieroglyphs are to be found side by side with cuneiform writing 
among the Hittites, and appear to have influenced the catHcst Cretan 



Fig. ^ Tht earliest known Ijttin ln<tariptjoR, Pilfistrinn, 
sevenih century b.c. 


script, though by 1400 b.c. linear signs were in use at Knossos to ex¬ 
press a language now recognized as Greek. But the future lay w ith the 
w'cstward spread of the alphabet, from its uncertain place of origin in 
the Near East. It is thought to have been first introduced by a Semitic 
people in contact w*ith Egypt soon after 2000 D.c. We know that an 
alphabet, resembling the Ajabic and having eight letters not found 
in Hebrew or Phoenician, was in use at Ugarit on the north coast of 
Syria before its destruction by attack from the sea in the iliirteenth 
century B.c, It is suggested that the disappearance of this alphabet 
is ^ connected wi^ the fact that it was written in cuneiform, 
which would not be likely to snrvdve where clay was not the natural 
wriring-material of the country. 

At all events, it is clear that before the downfall of Ugarit a linear 
Phoenician alphabet of twenty-two letters representing only conso¬ 
nants was in ^e by the kings ofByblos, about 120 mil« to the south¬ 
ward, Early in the first mUle^um b.c, this Phoenician alphabet is 
to be found in Sy^a, Palestine, and Arabia,; a variant, descended 
from the same ultimate Semitic source as the Phoenician alphabet, 
became established a little farther south, and was the ancestor of 
the Arabic alphabet. But it was the Phoenician alphabet which the 
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trade and colonization of the Phocnidans bore across the Mediter¬ 
ranean as far as Carthage, and which, as the fabled Cadmcan lettCTs , 
brought to Greece, where the hnear writing used at Knossos had 
once existed but had died out. .Alphabetic writing began among the 
Greeks about the middle of the ninth century B.C The Etruscan 
alphabet certainly came from the Greek, and the Roi^ probably 
from the Etruscan; in the last century before Christ the Upn 
alphabet (Fig. 94) consisted of cwenti-threc letters, to which 
modem English added only o, jp, and j. 



MEASUREMENT 

Many of the original purposes of writing were strictly practi^l, 
such as to record important historical events and codes of law and to 


Fia 95 . Lirtd tneasurement, 6 ^“! * Thebes, Ef^Fpti. 


keep the accounts requited for oiganized taxation and commerce. 
The de\elopment of sj-stems of measurement was an genual con¬ 
comitant of the development of wTiting, and we must therefore con¬ 
sider, though necessarily very briery, the evolution of measures and 
weights As a background to this account it is important to r^lizc 
that the ancient world knew nothing of such prec^ and widely 
used aystems as are in use today. The old units xanrf greatly not 
only from place to place but from rime to time, and m imny cases 
were never vxr)^ accuratdv defined until local idiosyncrasies e\cnto- 
allv cave way to the uniformity of the metric sj^em. 

Although proof is lacking, it seems obvious that measurements of 
length must have preceded all others: dme is an abstract qu^uty, 
and weight had little meaning until some form of balance had been 
devised. By contrast, measuremcrit of length became important as 
soon as man began to build and to diride up land (Fig. 95). 
as long as only rough measurements had to be made, man had the 
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dimensions of his o^v^l body as a readily available standard: a horse*s 
height is still measured in hands, the breadth of a maii*s palm* Of 
units based on the body, the most fundamentally important was the 
cubic: this was the length of a man*s forcarra from elbow to finger¬ 
tips, and the forearm was the E^tiin hieroglyph representing it* 
The span, from the tip of the little finger to the tip of the thumb 
when the band is fully stretched, is roughly half a cubit. The length 
of the foot was another convenient measure and vms most commonly 
reckoned as about two-thirds of a cubit. Men cxjuld also use their 
own height, approximately equal to the distance from fingcr-dps to 
finger-tips when the arms are outstretched: this made four cubits or 
one fathom. 

As men dilTcr individually in stature, and the average proportions 
of different races differ also, it became essential for individual com¬ 
munities to define units of length more precisely by using some sort 
of officially approved rule, and this seems to have been done as 
early as 3000 B.c. The Egyptian royal cubit w'as approximately 
20-6 in., and the variation was probably no more than a per cent.; 
the ‘double rernen^ the diagonal of a square having sides of one 
cubit, was widely used by the Eg)T>dans in land measurement. There 
w as also a Sumerian cubit of approximately 19-5 in., a Greek Olym¬ 
pian cubit of iS-2 in., and a longer Persian cubit, derived from the 
Ass)Tian, measuring about 25*3 in. The Roman foot was based on 
die Egyptian royal cubit; it was divided into twelve Knr/ae(ounces or 
inches), and was shorter by i in. than the modern foot. This became the 
standard for much of Europe, but a longer ‘Drusian* foot of 13*1 in., 
w hich prevailed in northern Europe in Roman times and had been 
known to the Egyptians m the second millennium B.c., was widely 
used in medieval building work and in the woollen industry. In 
England, Henry I standardized the j’ard by the length of hisown arm: 
the present standard dates from 1305, 

Longer distances were much less precisely defined, and were 
norra^y expressed in terms of days' joumeydng. In an age when 
mc^ joumej's of any length were made for business reasons this was 
satisfactory enough, for it was the time taken, rather than the actual 
distance, that was of interest, although Xenophon recorded in Persian 
piiTtisan^s the progress of hk great march across Asia to the sea 
Erat^hcnK, w hose measurement of the Earth in the second centurv' 
B.c jp* 229) must rank as one of the great intellectual achievements 
of all time, used as his umt the Greek stadio^; this was a furlong of 
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600 *fccc’^ but unfortunately we do not know the exact length of the 
foot on which he based fus calculattons. The Romans reckoned 
S stadia to their mile of 1,000 double paces, the principal Roman 
roads being marked with a stone at every mile, both for the con¬ 
venience of travellers and to simplify the organization of maintenance 
work. This Roman mile, equivalent to about 1,665 English 

.vards, was used throughout the empire, and was the basis of sub¬ 
sequent European miles, although the latter \'aried considerably 
from place to place. 

Early measurements of area, too, were ill-dcfincd by modern stan¬ 
dards, but In accordance with practical needs. Thus the acre came 
to be defined as the amount of land a yoke of oxen could plough in a 
day: naturally, it varied greatly according to the character of die 
soil. An alternative was to measure knd in terms of the area that 
could be sown with a given amount of seed. Not until relatively late 
was land-area more precisely defined; the English statute acre, for 
example, in 1305. 

For bulk commodities, such as grain, and for all Liquids, measure^ 
ment by volume is relatively easier than, by weight. The Egyptian 
unit was the hon, rather less than one (0-84) imperial pint. The 
Egyptians also used the Syrian keijhf equivalent to 0-62 imperial 
pint^ the term still survives in Greece. The bushel is apparendy of 
Celdc origin: it was, and still is, a very variable quantity, its volume 
depending o^n countty, commodity', and whether heaped or level 
rneasurc is prescribed. 

It is tempting to assume that early standards of weight were re¬ 
lated to the weights of existing standard volumes of water or grain, 
but the evidence for this is slight. The earliest use of balances seems 
to have been for w'eighing gold-dust, a commodity so precious that 
accurate measurement was of great importance. This use can be 
dated from the fifth millennium B.G. : the balance (Fig. 96) seems not 
to have been widely used in trade until at least z,ooo years bter. 
Because of the hmitation to the weighing of gold, only small units of 
weight were at first required j the standard was the shekel, used 
throughout the Middle East, varying in w'cight from 778 to 14'13 
grammes. When larger weights were required the mhia (25 to 100 
shekels) was introduced, and subsequently the talent (60 mhias). 
A Sumerian talent of about 2350 B.C. weighs approximately one 
hundredweight. 

The balance in substantially its modem form—that is, a beam 
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pivoted at its centre and carrjnng the object to be weighed at one 
end and standard weights at the other—dates from prehistoric 
Egypt. As early as 1350 u.c balances could weigh a shekel with an 
accuracy of i per cent. The Roman steelyard (Fig. 97), stUJ widely 
used, was a form of balance in which the object to bo w eighed is 
counterpoised not by varying the w eight at the other en d of a beam 
of fixed length, but by moving a fixed weight along the beam: by 


I 



Fw. 5 ( 6 . Egypdaq wocdcn balance, with jo-cm beam, showing tjpical immal 
and bird weights. El-jimama, f. 1350 


appropriately graduating the beam the w eight of the object can be 
read directly. 

The measurement of time presents exceptional difficulties . Never¬ 
theless, rewrds of time w ere among the earliest uses of w riting, and 
the Egyptians, thanks to the remarkable accurac)' of their aWo- 
nomical observations, had established a reasonably accurate calen¬ 
dar by 3500 B.C. For primitive man the day’s activities began at 
dawn and ended at dusk: the division of the daylight hours was of 
little interest. By contrast, the succession of seasons was always 
important to him in relation to the ripening of fruits and berries and 
the seasonal migrations of much animal life, and as soon as permanent 
settlements were established, the cycle of the seasons determined 
the umes for the vanous operations of the agricultural year. Thus 
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the early Eg^^itLins recognized three seasons—chose of the Nik 
flood, of sowing, and of harvesting respectively—each lasting four 
lunar months, and reckoned each year from the time when, the helia¬ 
cal rising of Sirius, the brightest star, gave warning of the im¬ 
minence of the annual inundation. 

The lunar month, however, is of approximately 29^ days, while 
the year—the period of revolution of the earth round the sun—is 
approximately 365J days. Con¬ 
sequently a year of twelve lunar 
months gets out of step with the 
seasons by approximately eleven 
days annually* To rectify' this 
discrepancy the Egyptians at first 
introduced an extra month every 
three, or sometimes tw'o, years. 

To avoid this mconv'enience, a 
civil calendar was introduced 
some time early in the third mil¬ 
lennium B.C It w'as based on a 
civil year of 365 days, found 
from astronomical observations, 
divided into tw'elve months of 
thirty days each: the remaining 
five days w-ere introduced as a 
special period at the start of die 
year. This civil year w‘as used 
for secular affairs; the lunar 
calendar was used by the priests. 

Further rcv'isionof the calendar became necessary', however, when the 
effects became apparent of the sLx hours by which the sidereal year 
exceeds 365 days. This w'as effected by introducing, about 2500 B*C., 
a special lunar calendar of thirteen months that kept in step with 
the civil calendar. About 357 B.c. a revised lunar calendar was intro¬ 
duced, based upon a tw enty-five^yearcy'dc. As early as 239 B*c* it was 
realized by the Egyptians that the forward drift of the civil calendar 
by one day every four years could be obviated by the simple device 
of introducing what wc now' call the leap year; nevertheles nothing 
effecrive was done until the Roman period. 

The Babylonians, the Greeks, and the Jews encountered the same 
difficulties in reconciling the lunar month with the solar year, and 
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solved it similarly by introducing various intercalary periods that 
would have the over-all effect of mating the year 365J days on the 
average. Our modem calendar, however, had its beginnings in the 
local calendar of the city^ of Rome, which was apparently introduced 
by the Etruscan kings» Idte other early calendars, it drifted away 
from the seasons, and when the gap had widened to eighty days a 
hindamenial reform was decided upon by Julius Caesar, who sought 
the advice of the astronomer Sosigenes of Alexandria. The new^ 
calendar was again based on representing the 365l-day solar year as 
three years of 365 days followed by one of 366 days* 

The JuHan calendar remained in force from45 B.c. until the famous 
Gregorian reform In a.d* 1582, which resulted from uncertainty 
about the proper day for the observance of Easter, The date of 
Easter, which derives from the Jewish Passover, is determined by 
the date of the first full moon after the vernal equinox, which was 
fixed in A*D* 325 as 21 March in the Julian calendar. After some 
1,250 years, however, the vernal equinox had receded by some ten 
days, and in consequence the correct date of Easter—of immense 
significance to the whole Christian world—was uncertain* This 
further discrepancy arose because the assumption that the solar year 
is of 365^ days is not quite true: the annual discrepancy is a^ut 
11 mm. By a papal bull of 1582 it was ordained that, instead of having 
a leap year every fourth year, there should be 97 leap years in 400 
years: to eliminate the accumukted error, 5 October 15S2 became 
15 October 1582* Most continental countries quickly adopted the 
reform, but it w^ many years before Britain and some other non- 
Catholic states w ould do so, Britain made the change as late as 1752, 
Russia not until iqiS, and Turkey in 1927. 

The establishment of a satisfactory calendar is historically of the 
first importance* While agriculture was the principal activity of 
civilized nations, the calendar conferred the great advantage of 
enabling seasonal w'ork to be planned without reference to the 
phases of the moon, and its value to the trader, tax-collec:tor 
priest, and historian needs no emphasis. Much less importance was 
attached to measuring the passage of time merely between dawn and 
sunset. The first attempts to do so invariably dirided daylight into 
equal periods: as the duration of daylight is a variable quantity, it 
follows that hours in the modem sense meant nothing to the ancient 
world. The first daily timekeeper was probably the shadow-clock 
(Fig. 98), found in Egypt fromabout 1450 b,c., and in later centuries 
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in a great variety of forms. From an early date they earned a nnmber 
of st^es (Fig. 99), CO be used at various times of the year* The water^ 



FiC, 98. Egyptian shadow-^Jpcl^ about 14 in- Icng, f. 1430 B.C, 



dock or clepsydra dates from about the same time, or possibly 
earlier: in this, time is measured by the flow of water from a small 
orifice in a large comaineu 
Analogous to the clepsydra was 
the sand-glass, of roughly equal 
antiquity. These three remained 
virtually the only daily time¬ 
keepers for thousands of years. 

Medianical clocks (Fig. too) 
first appeared in the thirteenth 
century a.d. when they were 
driven by falling weights; spring- 
driven mechanisms, which made 
watches passible, were not in 
use before the fifteenth century. 

Galileo’s discovery of the iso¬ 
chronous swing of the pen¬ 
dulum, reputedly by obseiAung 
the swing of a bmp in the 
cathedral at Pisa, opened in 1581 
an era of far greater accuracy in 
timekeeping. 

The accurate mechanical 
measurement of time must be 
based upon some repetitive 
movement that occurs w’lth com¬ 


plete regularity. The earliest p,g ^ Sun^docks: {A> *5hip' did; 
escapement mechanism was the [B) riny dul; [Q cyliiMiricii pitiem 
verge, in which a pair of pallets 

attached to an oscillating arm engage alternately with the cogs of 
a crown-w'hcel rotated by a falling weight* The regularity of the 
verge w’as much influenced by friction and, although satisfactory 
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enough m an age when precision was not of great importancej it was 
not intrinsically a good time-keeping device* The shaft carrying the 
crown-wheel w as connected through a chain of gears with the hand^ 
or hands, of the clock^s face« If the clock was to strike the hours, 
a second weight-driven mechanism would be incorporated. The 
earliest sur\'iv[ng clock of this type, in Salisbury Cathedral, dates 

from 13S6; clocks very similar to 
that at Salisbury' exist also at 
Wells (converted at a later date 
to pendulum control) and Rouen. 
The close resemblance seems to 
indicate common craftsmanship; 
in this connexion it is perhaps 
significant that Ralph Erghum 
w-as Bishop of Salisbury from 
1375 to 13SS and of Wells from 
ijS-S to 1400. 

The Wells clock illustrates the 
passion of the day for having 
elaborate mechanisms in addition 
to those concerned simply with 
timekeeping. The striking of the 
hour is effected by moving figures 
and at each hour four mounted 
horsemen appear; in addition to 
showing the time, the dock shows the age and phase of the moon. 
Giovanni dc Dondi^s astronomical clock, built in 154^-62, of w'hich 
detailed records remain, not only indicated the movements of the sun 
moon, and planets but incorporated also a perpetual calendar for the 
movable feasts of the Church. The design, workmanship, and per¬ 
formance of Dondi’s clock w'ere far ahead of its day, how ever, and it 
had little mfluence on contemporary design. Anotlier clock famous 
for its elaborate auuNiliary mechanism—a cock (Fig. 101) that stretched 
its neck, flapped its wings, and crowed—was that built at Strasbourg 
in 1354* The dock Itself has disappeared^ but the cock survives 
having been built into a kter dock in 1574. 

The spring-driven clock appeared in the middle of the fifteenth 
ccntiuy\ Adoption of this made it possible to construct more com¬ 
pact mechanisms, and indeed prepared the way for the portable rime- 
piece, but demanded a device to oompcnsite for the diminishing force 
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of die spring as it uncoiled: this problem did not aiise with weight^ 
driven mccbimsms, as the force exerted by the weight at the end of 
the descent is the same as that 
at the beginning. The necessary 
compensation was effected by the 
fusee (Fig. 102), essentially a 
conical drum w ith a helical groove 
so cut in it that as the spring un¬ 
coiled the connecting cord exerted 
a greater moment on the shaft 
carrying the fusee. 

Early clocks often had a single 
hand to indicate the hours (Fig. 

103) hut a second face to indicate 
quarter-hours soon became com¬ 
mon, as did the minutes-hand, 
and by 1550 a seconds-hand had 
been experimented w'ith* The 
seconds-hand did not become 
common, howc\'er, until after the 
advent of the pendulum. 

The principle of the pendulum—that the time of oscillation of a 
suspended w^eight is (virtually) independent of the amplitude of its 
swing—was discovered by Gali¬ 
leo in 1581, but he seems to have 
made no attempt to use it for 
timekeeping until 1641, when 
he instructed his son Vincenzio 
to construct a clock incorporat¬ 
ing both a pendulum and a pin- 
wheel escapement that he had de¬ 
vised: in the event the clock was 
not completed until both father 
and son w'ere dcad^ The prin¬ 
ciple of the pendulum was 
developed by Huygens, who 
detected that the time of swing 
IS not entirely independent of the amplitude—for which devia¬ 
tion he devised a mechanical correction—but, seemingly unaware 
of Galilco^s escapement, adopted the old ir'ergc mechanism. .Many 


Fig. IS]. Mechanical cock, constructHl 
liTfdy nf iron, fcom the Strubwux 
dodt, IJ54 


Fig. 103. Ftis«„ Eom drawing by L^a- 
nar<Io di Vind, t. 1400 
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clocks were nmdc for sale by Huygens* dock-maker in The Hague, 
Salomon da Coster* In 1673 Huygens published his great work on 
timepieces, the Horologium osaHatortam. Nearly a century elapsed 
after GaIiko*s invention before the vcrge^capement disappeared* 
William Qement*s invention of the anchor-escapement in 1670 
was improved by George Graham about 1715, and remained the 
standard escapement, especially for astronomical clocks, until 
almost the end of the nineteenth century. The anchor-escapement 
produced much less disturbance of the swing of the pendulum than 

did the more cumbrous verge: it went 
very close to achieving the ideal of a 
free-swinging pendulum. 

As we have noted, the time of swing 
of a pendulum is not absolutely in¬ 
dependent of its amplitude* Huygens 
sought to obviate this mechanically, but 
other dock'-maters took the alternative 
course of lengthening the pendulum 
and making it swing through a nar¬ 
rower arc. This led to the popular 
long-case dock, with its 39-iiL pen¬ 
dulum beating one second. Still longer 
pendulums were used for special purposes: thus in 1676 niomas 
Tompion constructed two clocks for the new Greenwich Obscr^ 
vatory that were fitted with anchor-escapcmcnts and j3-fc pendu¬ 
lums, beating two seconds. Three years earlier a long-case dock 
recording fractions of a second had been built for Thomas Gregory , 
astronomer at St Andrews University, Scotland. 

The advent of much more reliable and accurate docks stimulated 
interest in watches. Portable clocks had appeared as early as the last 
half of the fifteenth century^: because of their shape and supposed 
place of origin they have been called ^Nuremberg eggs*, but there is 
evidence that the first were in fact made in Milan. For such purposes 
the pendulum was, of course, unsuitable and some new form of 
isochronous oscillator w'as necessary. In 1675 Huygens introduced 
the balance-spring, and the precision of small clockwork mechanisms 
was much improved w’ith the introduction of lew'd bearings—usually 
rubies or sapphires—in 1704. Huygens hoped that his watch would 
be accurate enough to be used to determine longitude at sea hut, 
as we have noted (p* an), the first chronometer satis&ctory' for this 


Fjg. toj. with single hdur- 
hand, f, 1494^ 
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purpose tt'as Harrison’s famous *No. 4’ of 1762. George Graham’s 
cylinder escapement of 1721 enabled the works of watches to be en¬ 
closed in slimmer cases, and in 1755 Thomas Mudge invented the 
lever escapement which, although neglected for nearly a century, is 
used in the best modem watches. 


CARTOI 3 RAPHY 

Increasing accuracy in the measurement of space and rime led to 
developments in the art of cartography, which^ike the geography 
and mathematics on which they are based—He outside the limits 



FlO. 104. Map of iliE TTOfld as rcfiOTStructed from liie Ideas of 
EraiostheiHs 


set for this book. Modem mapping has, however, very early antece^ 
dents, as is suggested by the readiness with w'hich primitive peoples, 
like the semi-nomadic Eskimos and Red Indians and the South Sea 
islanders encountered by Captain Cook, draw rough maps to assist 
explorers. Mesopotamian land maps inscribed on baked clay tab¬ 
lets survive from about 2500 B,c The Egyptians, as wc have seen, 
had a system of land measurement of great antiquity: this, con¬ 
tinuing through many changes of regime, provided the basis of the 
map used by Eratosthenes in his calculation of the length of a 
degree of longitude^ Helped by the resources of the great library at 
Alexandria, of which he was the keeper for about half a century 
(247-195 B.C.), Eratosthenes not only bequeathed to Uter map- 
makers a scientific, and perhaps very accurate, estimate of the size of 
the earth (p. 220), but his map of the w'orld, known, only through 
medieval versions, employed a system of gridding (Fig, 104). The 
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shape is that of an elongated rectangle surrounded by ocean, but the 
average—from Ushant to the Ganges and from the island of Thule 
in the northern seas to the supposed sources of the Nile—links up the 
familiar Aiediterranean lands with the con(]uests and discoveries of 
Alexander the Great. The map was criticized by the astronomer, Hip¬ 
parchus {Jl. 161-126 B.c), because positions were not astronomically 
determined, and for the irregularity of the grid; but his proposal for 
the use of a projection to allow for the curv'c of the Earth’s surface 
was not taken up until the second century of the Christian era. 

The Roman contribution seems to have been severely practical- 
maps that scr\’cd the purposes of politics and war, such as the map of 
the whole empire which was completed in the reign of Augustus and 
engmved in marble; all that sur\ives is part of a plan of the imperial 
capital and a road map of the w orld contained on a strip measuring 
745 ^ 34 millimetres. But the great Alexandrian tradition was con¬ 
tinued by Ptolemy, who about a.d. 150 set out ‘to reform the map 
of the world* on the basis of work done earlier in the century by 
Marinus of Tyre, a geographer otherwise unknown. Ptolemy’s map 
had many imperfeaions. He believ ed the length of a degree of longi¬ 
tude to be much smaller than had been calculated by Eratosthenes, 
which partly accounts for a one-third exaggeration of the Mediter¬ 
ranean sea. The 8,000 positions on which he relied for plotting the 
known habitable w orld—180 degrees in longitude and 80 in latitude— 
were established from itineraries or seamen’s dead-reckonings rather 
th^ astronomical observation. Although there existed a coastal 
guide to the Red Sea, he did not know that India was a peninsula 
nor that the Indian ocean was not a mare clausum. His importance lies 
in the scientific approach, which caused him to expound two methods 
of map projection. This was to bear fruit in the fifteenth centur>', 
when Ptolemy’s Geography, accompanied by maps that are probably 
of a much later date, was translated into LaDn and later printed; the 
original Greek version was first published by Erasmus in 1*533. 
In the meantime geographical science passed to the Arabs, wWlc 
monkish cartopaphers based their maps upon the interpretation or 
misinterpretation of Holy Scripture. Only the charts drawn by 
navigatort to accomp^y the Mediterranean sailing direaories or 
Porto am ^rved a serious technical purpose; from the time of the 
so-called atalan Atlas of 1375 (see Fig. 9), which gives India its 
true shape, these sea-charts became incorporated in a decrcasingly 
fanaful version of the mappa mundi. ® ^ 
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The era of the Disooverics was both a result and a cause of a new 
interest in the maldn^ of maps and chans—and terrestrial flobes^ a 
novelty which accompanied both Columbus and Magellan on their 
voyages—for which new instruments (p. 205) provided new poasi- 
bUides of accuracy. Gerhard Kremer (latinized as Mercator) sur¬ 
veyed his native Flanders, provided the instruments of obsemtion 
for the campaigns of the emperor Charles V, and introduced in 156S 
the first of die long series of modem map projections; his maps were 
the first to be know'n collccdvely as an atlas. The Low Countries 
remained pre-euunent in the art for about a century, but the French 
took the lead in the next important advance, the exact measurement 
of an arc of the meridian. This was first done by Jean Picard in 
i66gh-70 just north of Paris, but bctw'Cen 1736 and 1745 it was re¬ 
measured by French expedidons sent to Finland and Peru, which 
established the fact that the earth is flattened at the poles. A French 
map of j 700 first gave the Mediterranean its correct length, and the 
yfr/fljCeinfrd/of B.D’Anvillc, begun in 1737, removed the Imaginary 
lakes from unknown Africa, delineated China in accordance with a 
contemporarj' Chinese publication, and abolished the mythical con¬ 
tinent from the southern seas. Finally, in 1744 C. F. Cassini dc 
Thury started to map France entirely by triangulation—a process 
which it took 39 years to complete—on a scale of i: 86,400. 

But in all this later development no event was of more cardinal 
importance than the introduction of engraving, which gave both 
maps and charts a wide distribution, such as was never contemplated 
before, and at the same time made their reproduction accurate. Orto- 
graphy, in fact, was one of the arts that gained most from the in¬ 
vention of paper and printing, to w^hich we now turn our attention. 


PAPER 

The important Arab manufacture of paper directly prepared the 
way for the invention of printing. The Greek and Roman w'orld is 
distinguished far more for what it recorded than for any great origin¬ 
ality in the technique of recording. Indeed, the only considerable 
advance was the increasing substitution of parchment for the papyrus 
of the Egyptians, The practice w’as not wholly new: the Egyptians 
had written on leather at a verj^ early dace, and it was not a far cry 
from leather to parchment, which w'as in fact in occasional use as 
early as the thirteenth century B.c. Parchment is made from un- 
tanned leather; the best quality (vellum) from the skin of a veiy' 
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young calf or kid. It ft'ashed and soaked in lime to get rid of dirt 
and much natural grease; dried on a stretching-frame; shaved with a 
knife; and smoothed to produce a perfect writing-surface. The name 
is belie\^ed to come from Pergamum in Asia Minor, where the 
material was being prepared at the end of the third century B*C. as a 
tougher, though dearer, alternative to the Egyptian papyrus, the 
export of which had been banned by Ptolemy Epiphanes in the hope 
of checking the growih at Pergamum of a rii al library to the 
Egyptian. 

The use of parchment spread rather slowly, the main change-over 
from papyrus oocurring in all probability' about the rime of Constan¬ 
tine the Great. North-western Europe adopted it first for the serx'ice 
of the Church, last for public legal documents, w'here its use had 
been forbidden by Roman law'. Originally, for lengthy documents 
rectangular sheets of parchment were sewn together in long strips 
w'hich could be rolled up, in much the same way as the sheets of 
papyrus had been glued or gummed; but early in the second cen¬ 
tury A.D. the practice began of folding a large rectangular sheet so 
as to form various sizes of page, and then binding together the 
folded sheets so as to form a codex or book In the modern sense 
(Fig. 105). The word Solume’—from the Latin voiumcti, a roll— 
like the legal title of Master of the Rolls, is a reminder that a book 
was originally a record which the reader unrolled, but the newer 
derice w'as a great deal handier. Jt rvas specially favoured by the 
early Christians, w ho are said to have invented it, in Egypt, in order 
to have more than one of the sacred writings in the same book. A 
very modcratc-siKed book of 200 quarto pages of parchment, how¬ 
ever, would require the skins of no less than twelve sheep, so the 
writing for a long time cost a good deal less than the matcriaJ. Thus 
the adoption of printing on any significant scale presupposed the 
availability of a cheap and plentiful materbi upon which to print* 

Hence the importance for the w'cstern world of contacts which ihe 
Arabs made wdth the Chinese* It was in the middle of the eighth 
oentuiy that they took prisoner some Chinese paper-makers in the 
course of a struggle for the possession of Samarkand; paper had been 
in use in China since A.D* 105, or even earlier. Arabic manuscripts 
written on paper survive from the ninth century, and in the tw'clfth 
century the industry' was established among the Moors in Spain, 
and also probably among the Moorish subjects of the Norman 
kingdom of Sidly* From there it spread to the Christians in Spain 


7 


PAPER 


233 


and Italy, and in the fourteenth century to Germany and elsewhere, 
though down to the close of the Middle Ages the most important 
paper-making centres were in north Italy. 

The earliest paper was referred to as cloth parchment, but in fact 
its raw' materials, which must be of a fibrous nattire, included straw 
and wood as well as linen or cotton. The first process was to beat 
the material to a pulp and mix it w'ith water to disperse the fibres. 



Fio. 105. St Luke copying his gospel into a oodex from a 
scroll, from a twelfth-century Byzantine manuscript 


As early as 1150 this was expedited by the stamp-mill, belie\'ed to 
have originated at Xativa in Spain, which used a wheel and tappets 
to raise and drop pestles in mortars. The mill was at first turned 
by hand, later by wind- or water-power. It w-as also made more 
efficient by the addition of spikes to tear to pieces the rags which 
were the normal raw' material. In the seventeenth century this pulp- 
making process was much improved by the introduction of the 
‘hollander*, in which the rags were shredded with kmves mounted 
on a rotating cylinder. 

The pulp was transferred to a vat and kept stirred to ensure a 
uniform mixture. The paper-maker then dipped into it a rectangular 
mould, the bottom of which was formed by a number of tightly 
stretched wires: in the fifteenth century there were about 28 wires 
to the inch, but this was gradually increased to give a finer paper. 
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As the wzter drained from the mould, the fibres felted together to 

form a sheet of paper. By 1285 
the practice had b^n in Italy 
of sewing a figure of wire into 
the mould so that the texture 
of the paper might incorporate 
some kind of sign—the water¬ 
mark (Fig. 106). Successive 
sheets were removed from the 
mould and laid between byers of 
felt cloth. WTien they totaled a 
gross they were squeezed in a 
press (Fig. 107), hung up to dry, 
and perhaps finished by rub¬ 
bing with a smooth stone. The 
improvement of the surface by 
sizing was introduced in the sbeteenth century, using tanner’s 
waste, and soon after the year 1700 w ooden rollers were employed to 



Fio. 106. W»tcnnark attributed to Tycho 
Brahe 



Fta. 107. French paper-ntaken, mid-eighteenth century 


complete the finishing stage. As early as the fifteenth century a sheet 
of paper (8 octavo pages) cost only about one penny e\'en in England, to 
which the manufacture came very late; from about 1650 onwards the 
practice of papering the w'alls of rooms greatly increased the demand. 
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ORIGINS OF PRINTING 

The impact of printing was tremendous. The output of books in 
the first fifty years after its discovery was almost certainly greater 
than in the preceding thousand years. Besides its tremendous sig¬ 
nificance for religion^ politics, and the arts, this was a technological 
adN'once vi'hich facilitated every technological advance that followed 
It. It is therefore disappointing, and perhaps surprising, to find chat 
the precise origin of so epoch-making an invention is still uncertain. 
It is not even possible to detenninc with any exactness how far the 
western world was influenced by discoveries which were undoubtedly 
made first in the Far East* 

Printing certainly preceded ti-pography. The Romans, for instance, 
cut patterns on wooden blocks, with w'hich they stamped designs in 
pbster and made printed textiles. At the end of the thirtcenih cen¬ 
tury the printed paper currenc}' of the Mongol empire was both 
described by Marco Polo and made familiar in practice to north 
Italian traders, w ho did much business with the East, by its attempted 
introduction into Persia. The Far East used block-printing also for 
plajing-cards and religious charms, ^^'hile there can be little doubt 
that the existence of printing in the East w'as knowm in Europe well 
before the fifteenth century, it is uncertain whether its technique 
also was known. It remains an open question whether both idea 
and method derived from the East or if there was an independent 
European invention of printing. In any ev'ent, by about 1400 both 
playing-cards and prints of saints were being printed in Venice and 
in the south German towns. As religious prints were sometimes pasted 
into booLs, it is natural to suppose that religious block-books—books 
made by carving pages of lettering in wood—likew^ise preceded what 
is commonly termed the invention of printing. But of the block- 
books which survive, none is certainly earlier than 1470* 

There arc four prerequisites for ordinary printing. With two of 
these—a block carrying the desired design in relief, aud paper to 
which die pattern is to be transferred^—w'c have already dealt briefly. 
The other two are a suitable ink, and a press to transfer the ink from 
the raised parts of the block to the paper 

The earliest printing was done with a w’atcr-ink similar to that 
used by scribes (p, 264), but the physical properties of this w-cre not 
suitable for the new process* It is difficult to spread uniformly cv'cn 
on a wooden printing block, and this disadvantage became serious 
when metal began to be used, for on such a surface watery solo dons 
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tend to colJect in droplets. Further, an absorbent paper had to be 
used and, as absorption takes place both laterally and in depth, the 
result yvtis an impression that was not only smudgy but showed 
through on the reverse side of th e paper. Again, the viscosity of water 
is relatively low, so that the paper would tend to slide about on the 
surface of the block while the transfer of the ink w'as being effected 
by applying pressure; so further contributing to a pcx>r impression. 

Most of these didiciildcs w'erc 
overcome by using an oil-bound 
ink, made by grinding boiled 
linsecd-oii with lampblack or 
powdered charcoal. It is thought 
that the linseed-oil may have 
suggested itself through its use 
as a va.mish by early fifteenth- 
century Flemish painters, and 
the discovery may have been 
applied to the inking of wooden 
blocks before the time of Guten¬ 
berg, to w'hom it has been gener¬ 
ally attributed since 1499; in 
any event, the result a stan- 
dard ink employed for more 
than four centuries. Originally 
the pressure needed to transfer 
the ink from the block to tbe paper was achieved by rubbing the 
back of the paper with a leather pad; but a screw-press, with which 
greater and more uniform pressure could be attained, was soon sub¬ 
stituted, For this, oil-bound ink was ^endal, since without it there 
w'ould have been too great a risk of the paper moving during tbe 


FlO, Ftinicn at Vi'ark,vr'hh 
and tyini»in, Fraitfurt-am-Mihi, 1568 


operation. 

The press was already familiar, being used, for evaiuple, in press¬ 
ing linen and in paper-making, and required at first only slight 
modification for its new funcrion. But the actual printing was con¬ 
siderably helped later by tbe introduction of the ‘t>'mpan\ a parch¬ 
ment-covered frame to which the paj>er was fastened before printing. 
This was hinged in such a way as to bring the paper dow n exactly 
level with, and square to, the t)'pe (Fig. 108). 

WTiar has been said above applies to the origins of relief printing, 
with which the future lay, but the technique of intaglio printing— 
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that is, cutting a design into a surfaces leaving the ink in the cuts 
only, and transferring the outline of the cuts to a soft and absorbent 
surface—is also an ancient one. From the ancient world onwardsj 
goldsmiths and silversmiths had been accustomed to embellish their 
products with lines engraved by a sharp instrument called a burin' 
a metal plate engraved in this way and inked could be used for 
printing. Akernatively, there was the process practised by fifteenth- 
century armourers of etching the metal. In this, the surface to be 
decorated W'as first coated with an add-resisting film. The design 
was then cut through the film to expose the metal, which was eaten 
away by the application of acid^ if necessary, parts of the design 
could be emphasized by working with a burin or by further etching. 
It is thought that the earliest line-engraving may date from about 
1346; the etched engrasing, which prepared the way for pure etch¬ 
ing, from about 1500. Thus the notion of printing was being de¬ 
veloped in the fifteenth century on a second basis quite distinct from 
relief printing, though the latter in fact proved to be the more 
economical method for the printing of illustrations as well as for 
printing from movable tj^c* 

Although the makers of printed books were quick to develop the 
art of adorning them with illustrations, plans, diagrams, and maps, 
all of which were cut in relief in blocks of wood (usually box) or 
metal (generally copper, hut sometimes brass or lead), it is, of course, 
the invention of letter-press printing from movable type that at some 
point in the mid-fifteeiith century created the rnt^em book. The 
relief block made it possible to reproduce a complicated pattern of 
lines, but each such block, created by much delicate work, sened 
one purpose only. Movable types, on the other hand, had three ad¬ 
vantages. Firstly, they could be used repeatedly, their period of 
usefulness being limited only by gradual wear. Secondly, the supply 
Was easily and cheaply renewed, since each letter, onre carefuUj 
designed, could be reproduced in a mould (Fig, 109). Thirdly, inter¬ 
changeability necessitated strict standardization in size and shape of 
lettering; such uniformity', which is so often an unattractive feature 
of modem mass-produced articles, is a positive help to the reader 

of the printed page. ^ r • i 

How did this great change come about? The making of single 
letters or symbols must long have been an established practice. If 
the inscription under the wood-block of a saint became damaged, 
letters would be cut out and new ones glued in, so as to avoid 
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remaking the whole block. It would be surprising if no early manu¬ 
facturer of playing-cards had thought of making a single carved 
wooden block representing the symbol for each suit, and of pressing 
out a clay mould, so that he could reproduce the symbol by casting 
in lead or tin. But in such cases the result would be crude, whereas 
the printing of books from movable tj'pe demands t>T)c which fits 
together with complete regularity on all six surfaces. 

It seems likely that the deci¬ 
sive changes resulted from the 
work of more than one experi¬ 
menter. Johann Gutenberg, the 
goldsmith of Strasbourg, who 
returned to his native Mainz 
about 1446, is clearly defined as 
an active and litigious figure; 
but it may well be that Johann 
Fust, his fellow goldsmith and 
sometime partner, who is sup¬ 
posed by some to have stolen 
the technique from Gutenberg, 
had in faa experimented inde¬ 
pendently at an earlier period. 
Items printed in Holland, which 
Fio. 109. Typrfoundcr pouring molten ^ earlier than an}thing 

metal bto mould, 1568 produced by Gutenberg and 

. Fust at Mainz, may be the work 

of a third independent experimenter. Coster of Haarlem, or of 
several different craftsmen not necessarily confined to Holland: it is 
known that some work was being done in southern France. What is 
clear, however, is that the first large-scale printing-office in the 
modem sense the one conducted at Mainz and first associated 
wth the names of Gutenberg and Fust. By 1448 at latest, they 
were using accurate t}'pe, which they could produce in sufficient 
quantity to print a Vulgate Bible. 

It seems likely that the Mainz printers began their tyme-making 
with the use of steel punches, which would be familiar to them as 
goldsmiths because of their established use in coining, though copper 
punches were also in use for type at an early period. The punch was 
then struck with a hammer into a softer metal such as lead, and the 
matrix so formed was inserted in a type-mould, the size of which 
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corresponded as accurately as possible to the stise of the tj’pe to be 
cast. The inetal from which early type was cast in this way is not 
dehnitcliy known, but was in ah proWbUity the tin-based alloy con¬ 
taining a little bismuth which was employed by fiftcenth-ccntury 
pcw^crers. The type was then taken out from the mould and hied 
at the foot—-the end which would be uppermost in the mould—to 
give it the exact height required f this wus approximately i in,, al¬ 
though it was a considerable time before there was any standardiza¬ 
tion, Including joined letters and abbreviations, more than 150 
characters had to be prepared for each size of type, and the making 
of a single punch was the work of days rather than hours. As for the 
composing, it is estimated that to set up a page of the Mainz Bible in 
this not perfectly regular type would tie one man a day* Composing 
was done much as hand-composing is done today. The compositor 
picked out each letter in turn with a pair of tweezers and set it Hne 
by line in a composing-stick. The lines w'cre set up as pages of type, 
which were fixed in chases; a proof was taken and corrected; and 
the work w^as then ready for the press, from tw^o to sixteen pages, 
according to size, being imprinted on each sheet of paper* 

Such was the technique of the Renaissance printer, bringing new' 
life to a world in which Latin was not yet a dead language. Where 
so much has changed, it is an interesting Unk between the twentieth 
century and the fifteenth that the proof-reader still marks his in¬ 
structions to the compositor in abbreviations direct from the learned 
tongue* The name of a type in which the latter composes proWdes 
a second link with the past, since roman type was introduced before 
1500 as a humanist gesture against the so-called gothic ty'pe, which 
Gutenberg and others had dev^clopcd by imitation of the thick black- 
letter handwriting prevalent in their own day, Wliat the Renaissance 
humanists preferred w'as the closest approach they could make to the 
Itand of ancient Rome, namely, the ninth-century caroHngian hmd 
in w'hich many surviving classical maniuscripts had been copied. 
Some of the earliest roman types w'ere cut w'ith astonishing skill and 
artistry; indeed, it has been claimed that the designs which the 
Frenchman, Nicholas Jenson, made in 1470 remain unequalled* At 
all events, since the introduction of italics—-planned as a further 
imitation of Roman handwriting—by the Aldine press at Venice in 
1495, the histoty of printing style is the stoi)' of the very gradual 
displacement of gothic from its strongholds in central and northern 
Europe; of much experimencation in detail—under Louis XIV, for 
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example, the French Academy of Sciences had new letters accurately 
drawn on minutely squared backgrounds; and a fundamental con¬ 
servatism to which modern industiy' shows few parallels. 

DEVELOPMENTS, 150O-1750 

In 1450 book-printing was still in its earliest infancy, but by 1500 
there were nearly 40,000 recorded editions of books, and even 
though more than two-thirds of these came from the presses of 
Germany and Italy, there were twelve other European countries in 
which the art of printing was by this time established. In the next 
two and a half centuries, progress, as we might expect, was much 
slower: it is calcubted that all the minor improvements put together 
did not enable a given standard of work to be accomplished more 
than three or four times as fast as in the fifteenth century. What is 
more surprising is that the average quality of printing at the begin¬ 
ning of the eighteenth centur)' fell far below that of the best work 
produced at ^^inz in the very earliest days. 

A sixteenth-century improvement which strikes the reader’s eye 
was the reduction in the number of joined letters, and with the 
reduction in the number of units required the modem practice 
quickly grew up of setting type from a pair of cases, of which the 
‘low er case* included all the minuscule letters arranged in compart¬ 
ments, the largest and most accessible holding the letters most 
frequently required. It became regular practice to strike the matrix 
on copper with a steel punch, so that the mould became more ac¬ 
curate and less trimming of the letter w as required after casting. 
A lead-antimony alloy, resembling modem type-metal, came into 
use, and with the establishment of type-founding as a separate trade 
the tendency after 1600 was for tj-pe to become to some extent 
standardized. 

The wooden printing-press (Fig. no) underw ent v'arious improve¬ 
ments. One was that the bed holding the typ)c was made to run in 
and out on rails. Another was the introduction of the hose: this was 
a hollow’ block of wood through which the screw’ of the press passed, 
and to which the platen (the upper half of the press) w'as attached 
to avoid the danger of twisting at the moment of impression. At the 
same time the t>'pe-bcd came to be made of stone, which could 
easily be worked to a plane surface, as at the present day. So far as 
there was any specifically new form of press, it was the so-called 
Dutch press, introduced by the Amsterdam publisher, geographer, 
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and astronomer, W. J. Blacuw. This had an improved winding- 
mechanism and a hose of quite different design; it was widely used 
in the Low Countries, and was the first to reach North America. 
But presses in England long continued to have a large square hose 
of the old t)*pc. 



Fio. no. Printing works, e. 1590. Stradanus, AVos rtp<rt* 


There were interesting developments in the field of illustration. 
Two of the greatest artists, Diircr and Rembrandt, made use of an 
engraving technique from which only a small number of prints could 
be made. This w'as what is called ‘dry-point* work, done with a steel 
point, and usually leaving the excised material on one side of the 
furrow so that more ink is held and the line softened. Rembrandt and 
his fellow-countrymen arc also particularly associated with 
growth of pure etching, that is, the technique of drawing lighdy with 
a needle on a metal surface protected with a thin film, to which acid 
is applied so as to cat aw’ay the metal from the lines. The design is 
developed by rccoating the metal, draw ing more of the design, and 
etching again. Then came the mezzotint, which its inventor, L. von 

M«0 K 







a+1 COMMUNICATION AND RECORD 

Sicgcn, demonstrated to Prince Rupert in exile in 1654; it figures^ 
however, as Trince Rupert's new vfzy of engraving* in the list of 
'exotic and very rare secrets* at the end of the catalogue of trades 
shown to the Royal Society by John Evelyn in January 1661. This, 
like the d^-point and the etching, is a system of intaglio work, done 
with a series of ridged steel tools called rockers, which make furrowed 
inden^tions all over the plate, crossing each other in different 
directions. 

Of these other processes, only etching could be used for making any 
large number of prints, but straightforward engraving came to play 
an increasingly large part in the lilustnation of books whenever fine 
lines were required. They were often printed on separate leaves— 
hence the name plates —but finm the sixteenth century illustrations 
of this kind began to be incorporated in the text. Intaglio work 
required strong pressure to make sure that the paper took up the 
ink, which had to be thin enough to run into the finest grooves. To 
achieve ^is the roller press, which was something like a mangle, 
was devised; the inked, engraved plate and damped paper were 
placed on a wooden board, and the whole was passed between the 
rollers by turning the upper one. In two special cases engraving 
actually replaced letterpress. Music tj'pe was too complex for the 
ordinary compositor, so there were direct advantages in the engrav¬ 
ing of music on copper or pewter plates, the staves being mwked 
first with a scoring-tool, and in the course of the seventeenth century 
this became the regular method for printing music. It was in the 
same period, too, that the engraved title-page came into use as a 
graceful embeUishment for books. 
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MAN AND ANIMAL POWER 

U NTIL man learnt how to domesticate and harness draught- 
animals his sole source of power was his own muscles. Where 
power greater than the individual could supply was required, 
two alternatives, or a combination of both, w'ere open—social de¬ 
vices for bringing the strength of many men to bear upon a single 
object, and mechanical devices for transforming a snail force act¬ 
ing through a considerable distance into a great force acting through 
a proportionately short distance. 

To some extent the social device has been applied at every stage 
of political dwebpment: hunting, agriculttire, irrigation, and build¬ 
ing are examples of tasks that long continued to require a careful 
organization of manpower for the tx^mpledon of urgent W'Ork in a 
limited time by the employment of many hands. Where building is 
concerned, the construction of the Pyramids shows that vast num¬ 
bers of men could satisfactorily supply the want of machinery; in a 
less ^ectacular field, the use of the in road-making did not 
end in some parts of Europe before the middle of the nineteenth 
century A.D. But an institution specially characteristic of the ancient 
world was slavery. It is easy to exaggerate its importance, for the 
slaves that figure in classical Utcraturc and in inscriptions worked 
for the most part in small numbers, fulfilling the same economic 
function as free men. Moreover, the emplojiucnr of slave-gangs for 
vast agricultural estates, at one time prevalent among the Romans 
(P- cessed to be common as soon as the supply of slave sfrom 
conquest declined and they consequently rose in price. It was not, 
however, tindl a.d. 1795 that an inquiry on West Indian plauta^ 
tions attempted a statistical estimate of the disadvantage of fear as 
the sole incentive to labour: it w^as then found that the output of a 
slave was at most one-half that of a free man. Nevertheless, there 
were at least three respects in which the availability of sbves mitigated 
the effects of the Lack of power. 


*44 
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From the earliest days of the ancient empires, prisoners taken in 
war were used on a large scale by conquering kings in the execution 
of public works by which they sought to do honour to their reigns: 
how great ^'as the temptation to use these slaves of the state as easily 
expendable pioneers may perhaps be judged by the fact that in an 
age of machiner}’ prisoners of war have been worked to death in 
railway building, in Europe as well as Asia. Secondly, the dty of 
Rome under the early empire, wth perhaps 200,000 slaves in a total 
population of less than a million, is an outstanding instance of a 
^ety where their services made possible a high degree of luxur>’ 
in the homes of the rich and some important amenities for all: for 
example, 660 slaves maintained the 2^ miles of aqueducts w'hich 
gave a drily w^ter supply of 38 gallons a head. Finally, there was 
the exploitation of slave labour in mining, which was used to enrich 
the kingdom of David and Solomon as well as the fifth-century 
Athenian democracy and spread as far west as Roman Spain: this 
won the metals, on which technical progress largely depended, by 
methods that stretched manpower to exhaustion. We lack the 
details, but Diodorus Siculus in the reign of Augustus WTites that 
in the Spanish silver-mines the strongest workers were the most 
unfortunate, because they were slowest to die. 

Of mechamcal de\ices for assisting man*s strength the le\'er is by 
far the most important, and its principle is indeed the basis of nearly 
all machines. Its origin is unknown, and the law of the lever ^/I'as not 
enunciated until the time of Archimedes, but e\'en primitive man 
must have learned that hcav}' objects could be moved by pushing 
a^log under them, resting this on some firm fulcrum located rela¬ 
tively near the object, and then exerting a pull on the free end of the 
log. Archimedes fully realized the enormous force that a lc\’er 
might ^nerate: Give me but a place to stand, and I can move the 
>4orld. Four other mechanical devices related to the lever were 
also well known in ancient times, and are fully described in the 
Mechanica of Heron of Alexandria, who wrote in the first centuiy' 
A.D. These arc the wedge, the screw, the compound pulley, and 
the wheel and axle. All these have the same principle as the lever: 
a small force acting through a long distance is transformed into a 
great force acting through a short distance. Put in another way, the 
greater the work to be done the longer it must take. 

The multiplication of force by employing gangs of workers is 
repeatedly described and illustrated in ancient works (Fig. in). 
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Used alone, it is exemplified by lines of men hauling on ropes to 
shift heavy objects, such as the huge blocks of stone required for 
the construction of great buildings and monuments. More often, 
howe\'cr, multiple manpower \s*as allied \tith mechanical devices of 
the type described above. In the rowing of galle}'S, for example, 
mass manpower was deployed through le\'ers—the oars. The lever 
\^as used in Greek beam-presses as early as 1600 B.c to express the 
juice of grapes and olives {ste Fig. 16). Oil-presses in Pompeii were 
worked on the screw principle. The principle of the wheel and axle, 
in which a small force at circumference is transformed into a 



Fkj. III. Luxe-«calc u$c of gaox-labour, Egypt, c. 2000 B.C 


large force near the centre, found a practical application in the tread¬ 
mill (Figs. 112,113). Sometimes the effect W2S sdll further augmented 
by trains of gears, also described by Heron, but the usefulness of 
these v^as very limited because of the power losses resulting from 
the primitive methods of construction. The practical limitations did 
not, however, deter inventors from designing ambitious systems of 
gears (Fig. 114). 

From the earliest times the spring, of which there are innumerable 
natural examples, has been a most important means of accumulating 
energy and releasing it suddenly when required. Its first known use, 
and one of continuing importance for very many centuries, was in 
the bow used to shoot arrow's in hunting and in battle. The first 
unequivocal representation of it, dating from later Palaeolithic times, 
is from North .Africa. In its simplest form, the bow consists of a single 
strip of some springy material such as wood or horn, tapered from 
the centre towards ^e ends. In more elaborate forms a variety of 
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materials, glued and lashed together, was used. The short ‘Turkish 
bow’ was a composite one designed to be fired from horseback, and 
to it the Asiatic invaders of Europe owed much of their remarkable 

military success in the Middle Ages. 
Its range is said to have far exceeded 
that of the famous and deadly English 
long-bow', which is reputed to have 
originated in south Wales and was 
commonly made of yew. 

The effectiveness of the simple 
bow, whatever the materials of con¬ 
struction, is limited by the strength 
of a man’s arms, and the power of 
arrows fired by it could largely be 
countered by heavier shields and 
armour. To give the arrow' greater 
power of penetration, various forms 
of cross-bow were developed, in which 
the tension was built up by means of 
some kind of w'inch or lever. A lock 
w-as also necessary to keep the spring 
loaded until it was discharged; al¬ 
though this gave a far more powerful 
weapon, the comparatively slow rate 
of discharge offset the advantage. 

Weapons of this kind w ere at an 
early date developed for use both in 
the hand and as artillery. One of the 
earliest mechanical hand weapons, 
the ‘scorpion*, which was probably a 
development of the cross-bow, seems 
to have been w-idely used in the 
second century’ B.c, for w’c are told that 2,000 were handed over 
to the Romans at the fall of Carthage. TTie catapult, an artillery 
weapon, was apparently made even earlier: Dion>’sius of Syracuse, 
who was the first Greek to employ it, may have obtained the in¬ 
vention from his enemies, the Carthaginians, in about 400 B.C 
The materials available for the bow-string limited the power of 
such artillciy'. For still greater power, the force of tw-isted cords— 
preferably made from women’s hair and sinew's of animals—was 



Fig. 1 13 . Cnne powered by tread¬ 
mill, from a Roman carving, r. 
AJ>. too 
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used, as in the torsion-catapult (Fig. 

115). This took two main forms, de¬ 
signed to dispatch arro^^’S and stones 
respectively; its first known use was 
by Alexander at the siege of Tyre 
(332 B.C), although the Phoenicians 
niay have been his masters. Heron, 
Vitruvius, and Philo of Byzantium 
were among those who made close 
studies of the design of these weapons: 
the last-named proposed to introduce 
bronze springs as the wurce of powCT, 
and also designed a quick-firing device 
for arrows. The use of bronze spring 
had earlier been suggested by Qcsi- 
bius, who also proposed ^e com¬ 
pression of air in cylinders to 
give the necessary power. Al¬ 
though this imaginative weapon 
was deemed impracticable at the 
time, it may be remarked that its 
principle is the same as that of 
the blow-gun of primitive tribes 
of Asia and South America, and 
of the air-gun of modem times. 
A later variant of the torsion- 
catapult was the onager—so 
called because liable to *ldck*— 
a siege weapon dating from the 
fourth century A.D. 

The power of these artillery 
weapons is difiicult to assess, but 
in the fourth century B.C the)' 
seem for a time to have put the 
attack ahead of the defence, until 
solid city-walls of dressed stone 
had replaced those of brick and 
wood; they then became weapons 
Fio. 114. Fandful detijn for dc\xk>ping (j^fi^nce rather than of attack, 
•uffkkmt force from the wind to uproot! records catapults aS 

tree, USIDK gearing, 1680 r 


Fio. iij. Crane used at Bruges, 
probably early fifteenth century. 
Comparisoo with Fig- iia shows 
bow little machines of this kind 
had changed in the course of well 
OTcr 1,000 >-ears 
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having launched stones of up to 300-Ib weight, but this was certainly 
wceptional, for these weapons normally proved incapable of breach¬ 
ing solid walls: the average missile was probably a 5 to 6-lb arrow wth 
an iron head, or a stone of perhaps 10 lb (Fig. 116). Catapults 
were also used to throw inflammable materials and, later, ‘Greek fire’. 
Because of frictional losses and the necessarily cumbersome wooden 
construction, the velocity of discharge did not exceed about 200 ft 
a second. That they were used in considerable numbers is shown 
by the fact that in the Roman army' in the fourth century A.D., as 



Fia 115, Mobile cmpuli. from Trajan’* Column, c. aj). ho 


described inthcDe^e^////jr/ofVegcrius,c\'cry* legion hadamobile 
catapult wth a crew of elc>'cn men to every' century, and for siege 
%^-arfare an onager to every cohort. 

The spring as a source of continuous power for smaU machines 
did not appear until much later. Its first use, perhaps as early as the 
fourteent^h century, was in clocks, which had previously been weight- 
driven: hence the present generic name of clockwork for spring- 
dnven mechamsms. ^ ® 

Other dCTices for exerting great force were also well known to the 
anaents. The splitting force of wooden wedges, for example, could 

increa.«d snll further by wetting them when they had been driven 
home as far as human strength permitted: the resulting swelling of 
the wood created still greater force. Similarly, use was made of the 
contraction of ropes tlut occurs when they- are wetted. In mining, 
rocks were broken by first heating them with fire and then dashing 
water on them: the resul^g contraction set up great internal forces 
that fiactured the rock. The expansion that takes place when water 
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freezes was made use of in agriculture, although without understand¬ 
ing of the principle, when winter frosts crumbled the clods of 
freshly broken earth. 

For many centuries little fundamental change was made in these 
devices of the ancient world. They became bigger and more elaborate, 
but the use of wood as the principal material of construction limited 



Fto. 116. Sicfc croo-bow and proiectiles. After Ramelli. 
Lt iixeru tt *rtifici9S€ nuchine^ 1588 


their development. The most important change tf^-as in the basic 
source of power: manpower was gradually replaced, first by the 
pow er of draught-animals, and later by the power of water and wind. 
Donkey-driven mills, for instance, were employed as early as the 
fifth century B.c to crush ore from the silver mines at Laurion, and 
their use had extended to the grinding of com in Greece by about 
300 B.c But limitations of harness and shoe (pp. 201,195) profoundly 
affeaed the economic value of the horse. In good harness the horse 
can pull roughly fifteen times as strongly as a man, but in harness 
of the t}'pe used for oxen it could pull barely four times as much. 
At the same time, a horse cost roughly four times as much to feed 











250 


EARLY SOURCES OF POWER s 

as a iTiM, who had the advantage of being much more adaptable. In 
such circumstances there w-as no great incentive to replace men by 
horses as a source of power. 

THE WATER-W'HEEL 

The earliest water-mill of which we know is the so-called Greek or 
Norse mill. It differs from the type with which we arc now familiar 
in that the axle w-^ not horizontal but vertical: at the lower end of 
the axle was a senes of scoops or \'anes that were immersed in the 
stream. Such mills were used mainly for grinding com. When so 
employed the axle passed upwards, through the lower millstone, 
and w as fixed directly to the upper one, w hich it turned. Mills of this 
kind required a rapid stream of water, and apparently originated in 
the hilly regions of the Near East; they are not known to have been 
used in Eg>pt or Mesopotamia, doubtless because the rivers there 
arc in the main slow-running and subject to great rise and fall. 
Pliny refers to water-mills for grinding com, presumably in northern 
I^}»^^^d these w ere probably of the Norse tj’pe. They were widely 
used in Europe in medic\'al times and in some regions up to the 
latc-nmctccnth ccntur>’; in the Shetland Islands, where they at 
one time numbered about 500, one remained in use at Sandness in 
*933 **?)• They may, indeed, be looked upon as precursors of 

the water-turbine, a nineteenth-century development, and on this 
view may be said to have been in use continuously for wcU over 
3,^ years. Norse mills were generally smaU and slow, since the 
millstone revolved no faster than the wheel; they were suitable 

for gnnding only smaU quantities of com, and their use must have 
been purely local. 

An alternative design for the water-mill was advocated in the first 
century B.c by Vitruvius, who made the axle horizontal and the 
wjrel vertical. The inspiration of this may have been the water- 
lifting device known as the ‘Persian wheeP or saqiya, which consisted 
csscn^ly of pots arranged around the circumference of a wheel, 
turricd by man- or animal-pow cr, that dipped into the water. It was 
used in Eg^pt in the second century b.c, and must have been well 
known to Vitruvius, who described a more effident modificarion 
known as a s^p-whccl. The Vitruvian water-wheel is essentially 
a ^p-whccl working m reverse. Designed for grinding com, its 
wheel w'as coimcctcd to the moving millstone through wooden 
gcanng, generally giving a reduction of about 5: i. The earliest mills 
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of this type were undershot—that is, the lower part of the wheel 
dipped into the stream and was made to turn by the force of the 
current; later, it w’as found that an overshot wheel w-as more efficient. 
In this, the water falls on the top of the wheel and fills some of the 
buckets fitted round the circumference; the weight of the w-ater 
causes the wheel to turn; as it docs so, the full buckets discharge 
their contents and empty ones are brought under the wntcr supply. 
Although more efficient, such 
wheels generally demand con¬ 
siderable ancillary' equipment to 
provide the neccssaiy' water 
supply. Gimmonly the stream 
was dammed to form a mill¬ 
pond, from which a chute carried 
a regulated flow of water to the 
w heel (sec Fig. 17). This type of 
mill provided a source of power 
greater than any previously av-ail- 
able, and it not only revolu¬ 
tionized the grinding of com, 
but opened the way to the 
mechanization of many other 
industrial operations. 

The power of such mills is 
difficult to compute, but can be 
deduced approximately from 
their output. Thus a Roman mill 
at Venafro, of the undershot t}T>c, with a wheel some 7 ft in diameter, 
could grind about 400 lb of com an hour; this performance corre¬ 
sponds to about 3 h.p. on modem rating. For a comparison, a donkey- 
mill, or a mill w'orked by two men, could grind barely 10 lb an hour. 

By the fourth ccntuiy' a.d., w-atcr-mills of very considerable size 
had been installed in the Roman empire. At Barbegal, near Arles, for 
example, sixteen overshot wheels were in use for grinding com in 
about A.D. 310, the wheels being some 9 ft in diameter and a little 
less than 3 ft wide. Each of them drove, through wooden gearing, 
a pair of millstones: the total capadty was nearly 3 tons of com an 
hour, sufficient to meet the needs of a population of 80,000. As the 
population of Arles at that time was only about 10,000, it is clear that 
this mill scr\’ed a wide area. 



FlO, 117. Nocse-type water-mill, Shet¬ 
land 
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It is rather surprising that the Vimivian mill was not commonly 
used in the Roman empire until the tMrd and fourth centuries A*D.: 
the explanation is perhaps to be found in social conditions. WTiilc 
slaves and other cheap labour were available there was little incendve 
to undertake the ncccssar>^ capital expenditure: indeed, the em^ 
peror Vespasian (a.d* 69^79) ^^*1 have opposed the use of W'ater- 
power because it might create unemployment. When manpower was 
not available it was easier to use donkeys or horses than to build 
water-mills. The possible danger of this poUcy was, however^ demon¬ 
strated as early as the first century- a.d., when corn-grinding, like 

the baking of bread, had already 
become a specialised industry in 
Romen .At that time the corn- 
mills on which Rome depended 
were driven in the main by 
horses and donkeys: Caligula 
having confiscated the horses, 
shortage resulted. By the fourth 



Fig. n 8 . Fkatinff mtil. After Vtiintius, A.i>., however, drctim- 

Afaj^Aina^ fTct'ae stances had radically changed 

and there was a great shortage 
of manpow’er, so that the construction of water-mLlIs became a 
^tter of public policy. These circumstances, it may be remarked 
m passing, found a close parallel in the nineteenth century, when 
shortage of labour in the United States provided a pow-eiful stimu¬ 
lus to the use of machinery there. 

Strategic considerations led to the development of a type of w^ter- 
imll know-n j the fioating mill, employed by Belisarius when the 
(^trogoths, dunng their siege of Rome in 537, attempted to cut 
the aqueducte that supplied both drinking-water and power for the 
wm-miUs; the moonvenience resulting from the cessation of 
the water-mills IS an indication of the degree of dependence on 
water-pow cr. This floating mill consisted of a water-wheel placed 
between twe boats, moored in a fast current, in each of which was 
placed a ^I, an invention that may well have been prompted by the 
mucheiriieroneofaship propelled by a paddle-wheel turned by oxen: 
the anonymous author of Dr r^us MUcis, who lived about a.d. 370, 
proved a device of this kind. Floating mills (Fig. 118) were widely 
used m Lurope, some surviving until recent times. Tide-mills are 
know-n to have been m use as early as the eleventh century, when one 
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is recorded, for instance, at Dover, hut most date from the eighteenth: 
as sources of power they nc^'er became of great importance. 

Although fhe grinding of cxim gave the main stimulus to the 
development of the water-wheel, it w^as widely used throughout 
medieval Europe foragreat^-ariety of industrial purposes: the Domes¬ 
day Book, for example, records no less than 5,624 water-mUls in Eng¬ 
land south of the Trent, mainly of the Vitruvian type* Water-power 
came to be used for sawmills, fulling- 
mills, ore-crushing plants, hammer- 
mills for metaI-w'orkjng(Fig* i rg), mills 
to operate the bellows of furnaces, and 
a great variety of other concerns. It had 
an important effect on the geographical 
distribution of industry, causing the 
fullers, for instance, to move into rural 
areas in search of suitable strams and 
encouraging the growth of larger units 
in mining and metal-working. The 
harnessing of water-pow er for multi¬ 
farious uses also gave an impetus to 
the improvement of gearing and 
machinery in general. The importance 

of w ater-wheels to the community is reflected in almost all European 
countries in complex legislation relating to the control ofrivera; in the 
Muslim world, how-ever, their use w^ largely resected to irrigation. 

The water-wheel retained its immense industrial importance long 
after the invention of the steam-engine, one of the commonest early 
uses of which was not to drive machinciy direct but to pump water 
to provide a constant head for water-wheels (p- 3^9)* From the six¬ 
teenth century undl well into the nineteeiith, water-wheels w^erc the 
most important sources of power in Europe and North America: 
London, for instance, pumped a water-supply from the river by 
water-wheels installed at London Bridge from 158^ (p. 4 * 9 )* 

Indeed, the industrial rcvoludon, so far from rapidly making the 
water-wheel obsolete, led to considerable improvements in it after 
a long period of relatively little change. 



Fh 3 . iig, WaKT-drivco [rip ham- 
nw fm wwlting me&is. Sw-eden- 
bctfj, Rtgtuim ihbftftannm, 1734 


THE WINDMILL 

As a source of power the w'indmill is nothing like as ancient as the 
water- mill. Apart from a phrase in the works of Heron of Alexandria, 
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of questionable interpretation, there is no evidence that the windmill 
was known to the ancient w'orld. As a source of mechanical power it 
seems to have originated in Persia in the seventh century a.d., and 
was possibly derived from earlier wnd-driven prayer-wheels used 
in central Asia. It is a reasonable, but unproved, assumption that it 
w’as inspired by the s^ls of ships. It w-as firmly established in the 
Persian province of Seistan by the tenth century, and was there used 
to punap water for irrigation; by the thirteenth century at latest, it 
was being used to grind com. Significantly, the Persian windmill had 
a vertical analogous with that of the Greek or Norse water¬ 
wheel, which is also believed to have originated, as we have noted, 
in the Near East. The early Persian windmill for grinding com was 
a two-storey building. In the upper storey were the millstones; the 
lower contained a wheel, driven by the sails—six or twelve in number 
and covered with fabric—which turned the upper millstone. This 
arrangement of the millstones above the driving shaft is, it w'ill be 
recalled, characteristic of the Norse water-mill, and further evidence 
of a relationship with it. At an early stage shutters were introduced 
on the sail so that the speed of rotation could be controUed, since 
excessive speed generated so much frictional heat that the grain, 
and even the mill-stones, could be damaged. 

As the Persian windmill seems to have derived from the so-called 
Nor^ water-wheel, so the western type, with the axle horizontal, 
may have been inspired by the Vitmvian water-wheel, for the eastern 
and western typ« of w indmill appear to have been independent in- 
ventions. A curious kind of windmill, found particularly in Crete 
and the Aege^, may be an intermediate type, but is more probably 
a lo^ vamtion of the western tower-mill. These Mediterranean 
wmdmills have eight or twelve canvas sails, like those of a ship, set 
on a light framework, their rate of rotation being controlled by fur¬ 
ling the sails as required. 

The first mention of the western t>T>e of windmiU is from a Norman 
deed, drawn up about ii8o, and windmills seem to have been com¬ 
mon in the north-European plain by the end of the thirteenth century. 
Basically, the wwtem t>-pc is a much more efficient one, for the 
pr^urc of the wind acts continuously upon the whole surface of the 
wherc^ in the Persian tVT>e only a pan of the sail-area is effec¬ 
tive at any given time. Its construction was somew hat more elaborate, 
since provision had to be made for turning the sails into the wind. For 
domg so tw o methods were used. In the post-mill—the earlier type— 


3 


THE WINDMILL 


m 


the whok superstructure, carr^'iJig both saiJs and machinery, w'as 
carried on a. stout vertical post and could be turned about it (Fig. 

120}. By the late fourteenth century, tower-mills were in use; in 
these only the top of the mill, carrying the sails, is turned, thus sav¬ 
ing considerabic effort. The body of the towcr-miil could be of 
stone or briok, obviating the need for the massive timbers of the 
post-mill and giving added resistance to the great force of the wind 
on the structure as a whole: wooden tower-mills are, however, also 
w^ell known. The invention of the hollow-post mill in Holland in 
1430 was a notable step for¬ 
ward* In this the size of the 
rotating structure is reduced, 
and a shaft passes do wn through 
the centre of the post to drive 
the machiaery in a fixed build¬ 
ing below* 

A v'lriation of the post-mill 
was the so-^led ‘sunk* post- 
mill, in which the loivcr part of 
the structure was sunk in the 
ground: these arc referred to in 
a tw'elfth^cntury source. The 
object was apparently to strengthen the mill against tlie force of the 
W'lnd, but a disadvantage was that with the sails relatively ^ncar the 
ground it was often difficult to take full advantage of what wind there 
was; the timbers also were liable to rot* This Wpe never became very 
popular, but remains have been exca^'ated in various parts of Eng¬ 
land and examples are also known from Russia, Brittany, and the 
United States, 

The supposition that ivestera windmills derived from Vitruvian 
water-wheels is strengthened hy the existence in Russia of windmills 
In which the millstones are located above the driving-shaft* *Ajnong 
the disadvantages of this design arc that the sails are too low to catch 
the full force of the wind, and that there is no adequate storage space 
for grain at the top to enable the stones to be fed by gravity. 

Although the principle of the windmill is very simple, early illus¬ 
trations show that its construction was often as elaborate as it was 



FiQ. 120. Posi-mill, from m early four- 
CcouE-Kciturj loiiuji tnanusaipt 


massive. The post-mill was constructed w holly of wood, the frame¬ 
work being made weatherproof by shingles or weather-boarding. 
Except in the simplest types, the bottom of the mill was often 
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enclosed in a fixed round-house, which provided additional storage 
space. Even when it was well balanced, much effort was required 
to turn a post-mill into the wind. For a long time the turning was 
done manually, simply by pushing on a long tail-pole extending 
dow’nw'ards, almost to the ground, from the rotatable superstructure. 
Because of the heaviness of the work, mechanical aids were soon in¬ 
troduced, the earliest being a w inch, first simple, and later geared— 
c^t-iron gears were used for this purpose about the middle of the 
eighteenth century—that could be fixed to any one of a series of 
posts driven into the ground round the base of the windmill. An 
important step forward was the fan-tail, patented by Edmund Lee 
in i745t which consisted of a set of vanes mounted on the tail-pole and 
driving a pair of road-wheels. The \'anes were so set that when the 
mill was facing into the wind it exerted no force on them: when the 
w ind changed, the vanes of the fan-tail rotated and drove the road- 
wheels, so orientating the mill automatically to its proper direction. 

Similar methods were used to turn the caps of tower-mills. Some¬ 
times the tail-pole was simply fixed to the inside of the cap, but more 
often an external bracing was used. Simple or geared winches were 
often employed, or the cap could be worked round by means of a 
crow-bar fitted into a series of sockets on its inner circumference. 
The fan-tail was also used, but was not applied outside England for 
a century after its invention there, and even then was limited 
brgely to Denmark and the Netherlands. 

As their name implies, the sails of windmills were originally of 
canvas fixed on frames, as in a sailing-ship. Their rotation could be 
rontroUed by furling the sails to an appropriate degree, and by alter¬ 
ing the angle of set j such sails w'ere difficult to manage, however, in 
sudden storms. Wooden shutters, which were more robust and more 
easily adjusted, w’erc also commonly used. "^Thc shaft carrying the 
sails was normally inclined upwards at an angle of 5 to 10^ to the hori¬ 
zontal, to enable the tips to clear the main body of the mill. The num¬ 
ber of sails was very variable: while four was a common number, as 
many as sixteen were sometimes employed and six were quite usual, 
especially round the Mediterranean and in Russia. 

The first windmills were used for grinding corn, but from the 
fifteenth century their most important use was in pumping water, 
espedally in the Zaan district of Holland, where alone there were 
700 windmills by the end of the seventeenth century (Fig. 121), and 
as many as 900 just before the advent of steam-power. At the ^k. 
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the United Provinces altogether had 8,000 windmills. Further ustt 
of windmills were to drive mechanical saws—the first in Holland in 
1592—and to hoist materials from mines. The introduction of 
windmills as a general source of power for industry did not alwaj's 
proceed smoothly, how’e>'er, since they brought with them fear of 
unemployment, as the wrater-wheel had done in Roman times, for 


Fio. 121. Post-miUs and tower-mills in the Low Countries, c, 1590. Stradanus, Noxm 

rfpals 

example, a wind-driven sawmill in Limehouse was wTecked by the 

mob in 1768. •*•11 

One of the limitations of both the water-wheel and the windmill 

was that it was usually necessaiy' for the power the)' generated to be 
utilized on the spot. There were, neveithelt^, s)*stenw for trans¬ 
mitting power over land, often for quite considerable distances, but 
the power losses must have been considerable: one such device is 
illustrated in Fig. 122. 

As with the water-wheel, it is difficult to estimate the power out¬ 
put of windmills. A large E^utch windmill of the eighteenth century, 
with a loo-ft sail-span, probably generated about 10 h.p. in a 20 
m.p.h. wind. Smaller mills, with a 24-ft span, probably yielded about 
5 h.p. Theoretical considerations show that the windmill in its 
aoM S 
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traditional form could not, at best, yield more than 30 h.p. It ^v’as 
not, therefore, a powerful prime-mover by modem standards, and 
a substantial proportion of such power as it did develop must have 
been dissipated in the clumsy transmission system, even after iron 
gcanng had been introduced. This is the less surprising when it 
is realized that the millwrights, who built and maintained these 



Fic, 122. LxHiy-diitM ce tremmission of power, seventoenth cennuy 


structures, worked mainly by the light of nature. The earliest full 
technical description of a windmill occurs in the second edition of 
a French treatise on carpentr}', dated 1702; sail design was scienti- 
fi(^y investigated for the first time by Smeaton in 1759. Yet the 
millwrights, who employed no equipment more elaborate than a 
heav>--duty lifting-jack and block and tackle, were the ancestors of 
the modern mechanical engineer. 

The power of the average windmill was evidently in the region of 
5 to 10 h.p., and this is, as we have seen, approximately the pow'er of 
the average water-w'hecl. As water-wheels and windmills were the 
only important prime-movers of early times, it is fair to say that the 
industrial revolution was launched with power units capable of 
generating no more than 10 h.p. Not until the industrial revolution 
was well under way did the much more powerful steam-engine play 
a major role. 
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THE BEGINNINGS OF THE 
CHEMICAL INDUSTRY 

A LTHOUGH ihc chemical industr>’ as wc know it today really 
/A began in the second half of the eighteenth ccntuiy', many 
-ZJl processes that have already been discussed under other head¬ 
ings involve chemical changes. Among them, to mention but a few, 
arc dyeing, tanning, smelting, the glazing of potter)', and the making 
of glass. That such processes were far advanced long before the 
chemical revolution of the late eighteenth centxiry began to put 
chemistry on a scientific basis, is an important reminder that tech¬ 
nology and applied science are mo totally different things; by em¬ 
pirical methods, technologies may be far ad\'anced long before there 
is any clear understanding of the fundamental principles on which 
they depend. 

Although chemistry as an exact science is relatively modem—if a 
specific date is to be set, it may be said to have begun with Robert 
^yle*s clear definition of a chemical element in his Sceptical 
Chymist of i66i—it would be quite wTong to suppose that there vs-as 
a sharply defined transition from empiricism to science. Chemical 
theory ^as built on a strong foundation of knowledge laboriously 
built up over the centuries by practical men and, on a level more 
detached from reality, by the alchemists with their fruitless pre¬ 
occupation wth the transmutation of base metals into gold and the 
preparation of an elixir of life. More realistic than the alchemists, 
though more limited in ambition, were the so-called iatrochemists of 
the sixteenth-century Paracelsian school, who looked on chemistry 
as primarily the handmaiden of medicine. 

Technology is largely concerned with processes of transformation 
—the transformation of raw materials into usehil or aesthetically 
pleasing articles. Hitherto wc have in the main considered essentially 
physical processes, in which the raw material changes its form but 
not its identity; this broad generalization applies to such varied pro¬ 
cesses as the flaking of flint to make an arrow-head, the conversion 
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of dmber into furniture or ships, the casting of molten iron into 
cannon, or the transformation of a blob of glass into a finely carved 
goblet. By contrast, chemical technology is primarily concerned with 
the transformation of one substance into another having a different 
constitution and different properties: typical eiamplcs arc the 
conversion of fat into soap, salt into soda, and aniline and related sub¬ 
stances into dyes. The separadon of substances from associated im¬ 
purities, for example, the extracrion of alkali from the ashes of plants, 
is also an important branch of chemical technology. Although it will 
be convenient to consider chemical technology as largely comprising 
processes of chemical transformation and purification, it should 
perhaps be remarked that even today there is no general agreement 
about the precise limits of the chemical industry and we shall, there¬ 
fore, be transgressing no agreed definition if the opportunity is 
taken of discussing also some allied topics. With metals we need 
not concern ourselves here: apart from the fact that the ancient 
world made extensive use of metals found in their native state, the 
extraction of metals from ores, in which they are chemically com- 
bmed with other elements, is, for no very logical reason, not nor¬ 
mally considered as being within the province of the chemical 
industry. We have foUow^ed convention and described elsewhere the 
extraction of metals from ores. 

THE CHEMICAL INDUSTRY IN ANCIENT TIMES 

No beginning can be set to the chemical industiy', for at the earliest 
times for which we have cither archaeological evidence or wTittcn 
records a considerable number both of chemicals and of chemical 
processes were in use. In ancient times, as today, relatively few^ 
chemicals wxre required by the population at large: by far the greater 
quantiy is utilised by other technologies. It is therefore logical to 
consider the chemical requirements of some of the major industries 
of the ancient world. In so doi^, wc may deal first with the indus¬ 
tries that provided man with his basic requirements of food, shelter, 
and clothing, and then with those that met the needs of permanent 
and increasingly sophisticated settlements. 

At the food-gathering stage, chemical processes had little sig¬ 
nificance, the only notable exception being the use of fire. This 
deserves brief mention here, because combustion is a chemical pro-^ 
cess of combination with oxygen: elucidation of this simple fact was 
one of the great discoveries of the late eighteenth century. Primitive 
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man probably first gained control of fire by making use of natural 
confiagrationSj but knowledge of how to obtain it at will came at a 
very early date (p. 3): chemical methods of making fire^ however^ 
exemplified by the match (p* 552), arc comparatively modern. The 
first use of fire was presumably for warmth and as a protection against 
wild animals, but the possibilities of making food more digestible 
and palatable by cooing must very quickly have been realized. 
This was a development of the first importance to our present theme, 
for the kitchen was unquesdonabiy the cradle of many chemical 
processes; moreover, cooking begat pottery vessels, the glazing of 
which demanded chemical skill. 

An early consequence of the custom of cooking food, especially 
meat, w^as an increased demand for salt which, apart from making 
food more appetizing, is a biological necessity. While meat and fish 
were eaten raw, man*s essential salt requirements were naturally 
met, but many cooking processes remove salt: it is extracted in 
boiling and runs out with the juices in grUling or roasting. In hot 
climates in particular—and it was in these that dsilizadon dawned— 
much salt is lost in sweat, and the need of replenishment is corre^ 
spondingly great. For these reasons the salt trade is one of the most 
ancient in the w^orld. 

Fortunately salt occurs abundantly, tliough not ubiquitously. Near 
the sea it is dways obtainable by solar evaporation of sea water in 
shallow artificial Likes or pans, though this process is readily carried 
out only where the sun is hot and the coastline suitable. Inland, 
saline springs w'hose waters can be similarly treated are of frequent 
fjccurrence. In addition, there are many deposits of rock salt, the 
residue of ancient seas, chat can be mined: salt mines w'ere worked at 
both Hallstatt in, Austria and in Spain from at least the first millen¬ 
nium B*Cr Occasionally the ash of ^t-rich plants, such as Salkomia^ 
was uscd« Unlike many early chemicals, salt was often very pure, 
although it must sometimes have been contaminated with earthy 
impurities. 

Although ihc first important use of salt was for seasoning focid, 
it was abo used at an early date to preserve both meat and fish+ This 
was certainly linked—though whether as cause or effect is obscure— 
with the intense Egyptian concern with the preservation of the body 
after death: for this purpose salt was sometimes used, although 
natron (an impure form of soda) W'as preferred for religious reasons 
(Fig, 123). The production of natron, derived from three main 
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natural sources in Egj pt, and especially from the Wadi Natrun, was 
a state monopoly in Ptolemaic times: it \%’as exported to Europe 
right up to the nineteenth century a.d. (p. 531). 

While the roasting and grilling of food became possible as soon as 
mastery of fire had been won, boiling had to await the availabilit}* of 

vessels that would withstand the 
heat of the fire. With the evolu¬ 
tion of these we have dealt else¬ 
where: in the present context we 
need recall only that the process 
of glazing potter}', and especi¬ 
ally the production of coloured 
glazes, depended upon the a>ail- 
abilit}' of a considerable range 
of chemicals. A form of salt- 
gbzing ^’as practised in Meso¬ 
potamia and beads from Ur appear to have been glazed with soda. 
Babylonian potters used lead oxide to form glazes and natural 
cobalt compounds were used to produce a blue coloration. In the 

second millennium b.c an artificial 
lapis lazuli was made in Egypt by 
heating sand, chalk, soda, and 
malachite (a natural copper ore); 
it W2S widely used as a glaze. 
Eg>'ptian potters used naturally oc¬ 
curring iron oxide to form red and 
black glazes. 

Fermentation processes, too—of 
great importance in the modem 
chemical industry—had their origin 
in the preparation of alcoholic 
be>'crages by the fermentation of 
sugars wth yeast. Although Alex¬ 
andrian alchemists were familiar 
wth the processes of distillation 
(Fig. 124), it is doubtful whether apparatus w'as sufficiently advanced 
for pure, or nearly pure, alcohol to have been available before the 
twelfth century. In ancient Eg)'pt it known that the fermentation 
could proceed farther, resulting in the formation of vinegar: 
chemically, this involves oxidation of the alcohol to acetic acid. 



FlO. 124. Greek tkhemical ftill, with 
three rcoci>en 



Flo. 123. Bags of natron and chaff used 
for the embahning of Tutankhamen, c. 
1350 B.C 
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Apart from its culinary use, vinegar was important as being the 
Strongest acid available to the ancient world ; among its uses was the 

making of white lead. ■ , i 

The needs of the kitchen called not only for chemicals but for 
chemical apparatus. Some of the pestles and mortars u^d for pound¬ 
ing Sumerian grain and seed, for CTtamplc, are virtually mdisdnguish- 
able, not only from their medieval counterparts, but from th^c to 
be found in modem chemical laboratories. The {mlander, a simple 
and con^^nient means of separating coarse solids from liquid^ 
dates from at latest the third millennium b.c.; filtraDon through 
cloth as a means of separating more finely divided solids is referred 

to in a medical text of 2200 B.c. 
The sieve, too, was used by the 
Sumerians and is sdll a standard 
piece of chemical equipment. In¬ 
dustrial furnaces and ovens must 
certainly have derived from on- 
Fift las. gj^^ls used for roasting and 

f. I £00 B.c. baking or for domestic heating 

purposes* The crucible, first of potter>' and later ^merimes of metal, 
must have derived from the cooking-pot. A possible example^of this 
process taking place in reverse, that is to say, from the chemical in¬ 
dustry to the kitchen, is the baht-murk a device for maintaining 
the contents of a vessel for long periods at the temperature of boiling 
water, is attributed to Mary the Jewess, an alchemist probably of the 
first centurv' a.d, though traditionally identified with Miriam, the 

sister of Moses. . 

Such, in brief outline, are some of the chemical consequences ot 
changes in man*s way of feeding hunself. Others of tximparable im¬ 
portance resulted from changes in other aspects of his vi^y of life. 

The art of painting far antedates written record, and both Europe 
and Africa provide numerous examples of prehistoric art. Natural 
pigments, mixed generally with water rather than with oil, provided 
a reasonably ^tensive palette; hiacb were produced with soot or 
pyrolusite (manganese dioxide), red with iron oidde, and yellow 
with natural iron carbonate. By the rime of the ancient empires, me 
decoration of houses, and more particularly of temples and 
was common pracrioc ; that most of our examples derive from Egj^pt 
is purely a consequence of its climate, w^hich parricularly favours 
preservation. A variety of pigments was used (Fig. 125}, but, as m 
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the ave paintings, they were still contained in an aqueous and not 
an oijy base: the paint wzs commonly made viscous by addition of 
such substances as egg-whJte, gum, or honey. Pigments used in¬ 
cluded ochre, for red to yellow; red lead; orpiment (yellow arsenic 
sulphide) imported from Persia and elsewhere; yellow lead oxide; 
malachite; and chrysocolk (green copper silicate). The preparation 
of some of these, especially in the finely divided forms necessary' for 
painting, would have been impossible without considerable chemical 
skill: thus red lead was obtained by heating lead with basic lead car¬ 
bonate, itself probably made by addition of natron to a solution of a 
Irad salt, ^^en writing became common, an important use of pig¬ 
ments was in the manufacture of ink, commonly a mixture of soot, 
gum, and water. 

The pilfering of walls with lime, made by roasting limestone or 
chalk in kilns to expel carbon dioxide, w'as introduced at an early' 
date: one Mesopotamian lime-kiln is not bter than 2500 b,c. For 
walk that were to be decorated, a gypsum plaster (sometimes con- 
tainmg a little lime) was preferred: this was prepared by roasting 
gypsum (hydrated calcium sulphate), of which there were various 
natural deposits, especially b the Fayum, Wood, too, was commonly 
treated with gy'psum plaster before painting. 

With increasing sophistication there came an increasing demand 
for ^cial illumination. Crude lamps used by Palaeolithic man 
consisted of an open stone container for animal fat and a wick of 
(presumably) twisted dried grais or moss; later, bmps of metal and 
pottery were apparently raodcUed on sea-shells used for the same 
purpose. The oil w as probably the same as that employed forculinan^ 
purposes, although mixed with a little salt to give a wilower and 
more luminous flame. In Egypt olive oil was probably used' in 
Mesopotamia, where the olive would not flourish, the main source 
of Oil was the seed of the sesame plant. There is evidence that 
. AssjTians used a hot-water process, similar to one still used 
m of Ind ia and Africa, to separate the finest quality of sesame 
oil. The seed first crushed and then treated with boLlmg 
water, when the oil rose to the surface and was skimmed off- final 
mees of water w^ removed ii, a speeid vessel. later known 
as a jf^rsforiBm, fitted with an outlet on the side so that the oil 
could be run off from the watery residue. This method of sepa- 
ratmg two immiscblc iiquids is stiff widely used in the chettrira! 
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CHEMISTRY AND THE TEXTILE INDUSTRY 

Wliik the needs of housing and of preparing food had an im¬ 
portant mHuence on the early development of chemical processes, 
it was the demands of clothing that provided the most powerful 
stimulus: to this day* the chemical and the textile Industries are very 
closely related. The origin of soap (in the chemical sense of saponi¬ 
fied fats and oils) is uncertain, but it cannot safely be put tarlier 
than the latter piart of the fourth oentur}' a.d*: long before this, how¬ 
ever, various cleansing agents of a different chemical character 
were m use, both for tteating new cloth and for laundering. Fuller’s 
earth and an alkaline solunon—ustuliy made from soda or stale 
urine—W'cre used in fulling mills (p, 98) until the end of the 
Middle Ages, even though soap-boiling had then long been common 
in Europe. The basic process io. soap^making is to boil fats or vege¬ 
table oils with strong alkali, tlard soap is made by using soda, 
rendered caustic by treatment with lime, but in the textile industry 
soft soap ^^5 preferred, at least from the twelfth centun'» This was 
made by using caustic potash, prepared by treating wood ashes 
with lime, in place of soda. The effect of caustic alkali on fats and 
oils is to release glycerine and this, together with excess alkali, seems 
to have been incorporated intO' the final product: not until the 
seventeenth century was it discovered that the soap could be made: 
to separate by adding salt to the mixture. 

Although we must suppose that the earliest cloth, w hether felted 
or woven, was made from untreated fibre, perhaps bleached in the 
sun, the practice of dyeing goes back to remote times, and the earliest 
records show^ that it was already a complex craft relying heavily on 
chemical processes. Until rccendy, virtually all dyes were of vege¬ 
table or animal origin, but despite this limitation a wide spectrum of 
colours was available, although some w^erc elaborate and expensive 
to produce. Before considering the dyeing process itself, how'ever, 
we must consider the preliminary preparation of the fibre. From very' 
early times it was known to dyers that cloth wwld take up colours 
much more intensely and permanently if it was first treated with 
what W'C now' know to be salts of aluminium: the most important of 
these so-called mordants arc alums, which occur fairly widely. Be¬ 
cause natural alums often contain Iron, which seriously interferes 
with the dyeing, their purification early became of importance, 
although how, and to what extent, this was done In ancient times 
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is uncertain. The strong presumption is, howe\'cr, that it yr2s done 
on a considerable scale by crystallization processes. 

The Greeks and Romans used a potassium alum, obtained from 
certain volcanic regions, but by the thirteenth century a method 
of purifying natur^ aluminium sulphate—alum of Yemen—\^'as 
described by Arabic ^Titers. This involved treating its solution with 
stale urine—a convenient source of ammonia—and then concen¬ 
trating it by boiling until ammonium alum would crj'stallize out on 
cooling. By the middle of the fifteenth century another mineral 

(alunite) was being exploited on 
a large scale to meet the needs 
of the rapidly expanding textile 
industry: alunite (potassium alu¬ 
minium sulphate) was purified 
by ciy’stallization from water. 

Up to the early fifteenth cen¬ 
tury the main sources of alum 
were in the Near East and the 
Greek islands, but the Turkish 
invasions, and especially the fall 
ofG)nstantinople in 1453, largely 
cut off these supplies. It ^s-as, 
therefore, fortunate that enor¬ 
mous deposits were soon after- 
\^'ards found at Tolfa in Italy, 
which for centuries remained the most important source: attempts 
to make this alum a lucrative papal monopoly were unsuccessful. 

D)’eing was carried out at various stages of textile manufacture. 
In the case of wool it was sometimes done, as in Mesopotamia, 
e\xn before it ^as sheared or plucked from the animal. If patterned 
fabrics were to be woven, the thread had to be dyed in \'arious 
colours before weaving: more generally, however, the woven fabric 
was dyed in large vats (Fig. 126). Even then, however, patterns could 
be obtained by painting them on with a solution of mordant: certain 
dyes would then fix themselves firmly to the treated parts of the 
cloth but could be washed out from the remainder (Fig. 127). 

D)’es of vegetable and animal origin provided a wide range of 
colours. Of ancient dyes, perhaps the best known is indigo: this was 
derived from the indigo plant, extensively cultivated in India, or 
from woad, grown throughout Europe. The method of preparation 



Fig. 126. D)'cinf cloth with wo*d, from 
a 6fteenth-<»itui7 French manuscript 
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Fig. 127. Design on doth obtsined from 
piinting with alum, from a thirteenth- 
century French manuscript 


was similar in the two cases. The plant nuterial w’as crushed in 
water and allowed to ferment, 
when the charaaerisdc blue 
colour appears. After a time the 
indigo precipitated itself as in¬ 
soluble indigotin, which was 
collected and dried (Fig. 128). 

For dyeing, the indigotin was 
brought into solution—for ex¬ 
ample, by treatment with honey 
and lime—and the material was 
immersed in it: the blue colour, 
the product of oxidation, ap¬ 
peared when the treated fabric 
was exposed to the air for drying. 

Woad is not so good a source of the dye as the indigo plant and 
became less popular after the sixteenth century, when trade with 
India was more firmly established. Al¬ 
though obtained from a totally different 
source, the famous T>Tian purple (p. 

89) is chemically very closely rebted 
to indigo. It was, however, fabulously 
expensive and, moreover, the secret of 
making it was lost after the fall of By¬ 
zantium; purple was normally achie\ ed 
by combining red and blue dyes. 

Reds were obtained with madder— 
cultivated near Rome in classical times, 
then largely in the Low Countries, and 
bter associated particularly with the 
neighbourhood of A\ignon, where Col¬ 
bert established the crop in 1666—or 
with archil, derived from lichens of the 
Mediterranean seaboard. The name of 
the fifteenth-century' church of St John 
Maddermarket at Norwich bears wit¬ 
ness to the importance of the madder- 
plant as a source of crimson and other dyes. More permanent reds 
were of animal origin, derived first from certain insects parasitic on 
European plants, and bter from the cochineal insect of the New 



Fra. 12S. Merdunti selling b«Us 
of prepared wood, represented in 
thirteentlxentury French statuary 
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World. The finest scarlets had, however, to await the Dutchnun 
G>melius Drebbel’s discovery in the early seventeenth century of 
the use of tin salts as mordants. The most important yellow dyes 
were derived from weld, safflower, or fustic. Green was obtained by 
combining one of these with woad or indigo. For black, a mixture 
of green vitriol (iron sulphate) and extract of oak galls was used: 
the two combine to form iron tannate, which is intensely black. 

THE MANUFACTURE OF GUNPOWDER 

Of the origins of the three principal adds of the modem chemical 
industry—sulphuric, hydrochloric, and nitric—we can say that sul¬ 
phuric add, perhaps the most important of all modem industrial 
chemicals, seems to have been unknown until the early sixteenth 
ccntuiy, when it was made at Nordhausen by dry distillation of 
green or blue vitriol (iron or copper sulphate). It was of drtually no 
industrial importance until the sc\’enteenth century, which is also 
when hydrochloric add was first clearly distinguished. Nitric add, 
commonly obtained by distilling nitre (potassium nitrate) with vit¬ 
riol, was described by the eighth-centur)' .Arabic alchemist, Jabir. 
It was industrially important for separating large quantities of silver, 
which dissolves in it, from gold. Jabir was aware that addition of sal 
ammoniac (ammom'um chloride, said to have been first derived from 
camel stables near the Egyptian temple of Jupiter Ammon) to nitric 
add enables it to dissolve gold, a fact of considerable metallurgical 
importance. 

Far more important than nitric add, within the period with which 
we arc now concerned, is m'trc (its potassium salt), for this is—with 
sulphur and charcoal—an essential ingredient of gunpowder. The 
development of fire-arms has been considered elsewhere (p. 148), 
but we must here consider briefly the development of the explosives 
required for them. In Europe from at least 500 B.c., and in China 
certainly from the tenth century a.d. and probably much earlier, the 
use of highly inflammable mixtures was common in warfare; it be¬ 
came increasingly effective when catapults and similar mechanical 
means of discharging large projectiles came into general sctm’cc. 
The famous ‘Greek fire’, which played so important a part in the 
defence of the B>'2antinc empire from the se\'cnth century, had no 
precise formula, but its essential secret ingredient seems to have been 
naphtha (p. 514), which is highly inflammable. It appears that by the 
eleventh century' the Chinese were aware that the incendiary proper- 
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Fia 129. Gcnnui nitre works. The work- 
man in the for^remnd is scooping nitre 
from the sur€ux heaps consisting of 
sweepings from abeep-«tallt, dcca>-ing 
Tcgctsble maner, and rubble, 15^ 


tics of such mixtures could be much increased by the addition of 
nitre, the reason being that when 
it is heated this substance yields 
oxygen. Whether or not this 
knowledge inspired the recipes 
for gunpowders that were later 
current in the West is obscure, 
but it is certain that by about 
1300 mixtures of nitre, sulphur, 
and charcoal were being prepared 
for use in artillery and, later, in 
small arms. Of these three in¬ 
gredients the preparation of the 
last two presented little difhculn*. 

Charcoal had been prepared 
from ancient times as a fuel, and 

sulphur occurs naturally in a fairly pure form, for example in Sicily: 
if further purification of sulphur was necessary, this was done by 
distillation. Sulphur, moreover, 
had come to occupy a place of 
exceptional m>'stical significance 
in the operations of the alche¬ 
mists, who were, therefore, very 
familiar with its properties. 

Nitre, howe\'cr, presented 
much greater difficulties, for no 
pure material was readily a\'ail- 
ablc. The common source was 
the earth from stables, pig-sties, 
and so on (Fig. 129), in which 
it resulted from bacterial action 
on manure. Generally, all the 
soluble salts were extracted from 
the earth with boiling water, 
sometimes with addition of pot¬ 
ash or lime, and the resulting 
solution was boiled to concen¬ 
trate it to the point at which ordinar\’ salt, the most harmful im¬ 
purity, separated out. The salt was removed and the solution allowed 
to cool, when cr>*stals of fairly pure nitre separated (Fig. 130). 


Fia 130. CrTstalibdng nitre, Gemuny, 
1580 
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The minDg of the three ingredients was both difficult and haaar- 
dous. It was difficult because a uniform and correctly balanced mix¬ 
ture was necessary for the best results, and hazardous because heat 
generated in the mixing process might cause explosion. At fiist, 
mixing was done by artillerymen in the held, but powder-mills were 



Kia. j ji, Waitr-dnvra gujapowdcr-mill, Germinj, 


soon established: the earliest were manu ally operated, but water¬ 
power had l^n introduced by the seventeenth century (Fig. nr), 
Dunng mixing the powder kept damp to diminish ihc fisk of 
explosmn. OnginaUy a very fine powder was used throughout, but 
later this was reserv^ed for priming and the main explosive chaiw 
prepared m granular form by passing the still-damp powder 
ttough sieves at the mills. Apart from bemg an essential ingredient 
of gunpowder, nitre served another purpose in early fire-arms The 
slow-burmng match, used to ignite the charge of cannon or of the 
nutchloti fire-anil, consisted of coarse twine impregnated with 
nitre so that it would burn slowly and steadily and not blow out in a 
wmd* 

THE ALCHEMISTS AND THE IATROCHEMISTS 

We ^ve already referred to the wort of the alchemists, which re¬ 
sulted tn the accumulauon of much empirical chemical tnowledge. 
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Of the two principal aims of the alchemists—the transmutation of 
base metals into gold, and the discovery of the ehxir of life—the 
second now demands our attention. Although the search for the 
elixir of life was foredoomed to failure it was by no means unfruitful, 
for from early days the preparation of drup has been an impor¬ 
tant appheation of chemical skill. The w^ord alchemy k of Arabic 
origin, possibly deriving from the name Chem that the ancient 
Egj^Jtians gave to their country: whether this is true or not, it is 
certain that there w as a flourishing school of alchemy in Alexandria 
in the second century b.c While much of their work was highly 
speculative or erroneous, the extensive writings of Zosimos of Pano- 
polls prove that they understood how^ to carry out a number of clearly 
defined operations such as the extraction of mercury from cinnabar, 
of arsenic from realgar, and of white lead from litharge. Huw' far 
such mineral substances were used in mcJicine is uncertain, but 
Dioscoridcs, in tus De Mdteria Median of the first century A.D., lists 
seip'cral, including verdigris and copper sulphate. An eleventh-ccntuiy' 
Muslim text lists many more, but the full blossoming of medical 
chemistry resulted in the early sixteenth century from the work of 
Paracelsus of Basle, who taught that the main object of chemistrv 
should be to produce drugs to reh'eve human suffering. With in¬ 
creasing emphasis on the prescription of drugs, inevitably came 
increasing demand for their manufacture. WTiilc the importance of 
the Paracelsian school is often over-estimated—he himself displayed 
an extraordinary mixture of bombast, quackery', and serious scholar¬ 
ship—it did lead to chemistry^s becoming a recognized part of the 
training of medical students. Up to the nineteenth centur}'' it was vir^ 
tually only the medical schools that offered formal training in chemis¬ 
try: there w as a choir of chemistry at Cambridge in the eighteenth 
century' but one incumbent rarely came near the University, and an 
unpaid reader at Oxford. There w'as no systematic organisation for 
the teaching of chemistry- as a separate discipline in England until 
the Royal College of Chemistry was founded in 1845. 

the beginning of modern chemistry 

Alchemy flourished particularly from the ninth to the seventeenth 
oentuiy-—Chaucer’s Canffti^s Yeoman's Tale and Jonson's comedy 
The Alchemist are interesting portrayals of alchemical activity— 
and provided the basis for the science on which the modem 
chemical industry is based. ^VIth this transition we can deal only 
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briefly here before passing m: chemical technology during and 
after the industrkl revolution is discussed in Chapter iS. W'^ile 
the change was adumbrated as early as the thirteenth century by 
the work of Roger Bacon, with his insistence on the importance 
of experiment rather than speculation, it is Robert Boyle who is 
properly regarded as ^the father of chemistry’. To him we ow'e the 
clear recognition of an element as the simplest form of matter—that 
is, one that could not be resolved into other substances. Equally 
fundamental was the realization, towards the end of the eighteenth 
century, that matter is indestructible whatever chemical changes it 
may undergo: the decisive statement of the law of the conservation 
of matter we owe to Lavoisier. Although this seemingly simple 
generalization needed the genius of John Dalton—who first published 
an account of his atomic theory in iSoS—for its full significance to 
be realized, it was enormously important. While it is an over-simpli' 
fication to say that Boyle’s recognition of the true nature of elements, 
Lavoisier’s recognition that matrer is indestructible, and Dalton’s 
recognition that every element corisists of its own distinctive variety 
of atom and every compound of a specific combination of atoms, are 
the three fundamental premises of modern chemisir)^ the impor¬ 
tance of the contributions of these three men of genius is difficult 
TO over-estimate. They not only provided a logical explanation of a 
w'ealth of chemical knowledge accumulated over many centuries but, 
far more important, they provided the basis for the rapid and syste¬ 
matic exploration of vast new fields of chemistry. 

For the moment, however, we arc running ahead of our main 
task, which is to review the history of chemical technology up to 
the beginning of the industrial revolution, W^e have seen that from 
the earliest days chemical skill had been essential for many, indeed 
most, of the industries wc have considered elsewhere—for example, 
for making metals, pottery, glass, and textiles. From the very earliest 
days up to almost the beginning of the industrial revolution, this 
knowledge had been accumulated solely by empirical methods, with 
little underlying theory' to make understanding easier or to suggest 
profitable lines of experiment. During the industrial revolution, 
howev'cr, the situation entirely changed—during it chemistry shook 
off the last shackles of alchemy and emerged as a clearly defined 
science. WTiile the chemical industry' was slow to apply the new 
knowledge, it too underwent a corresponding transformation. 
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HISTORICAL SURVEY (1750-1900) 

GENERAL INTRODUCTION 

T here has always been a strong underlying rebdonship be- 
tw^een man’s general history and the history of his technological 
progress. The Roman empire, for example, rested upon the 
achievements of its engineers, including the great road-miers, as 
truly as it did upon its more abstract concepts of law and duty. The 
expansion of Europe in the sixteenth century depended upon the 
existence of new means of crossing the oceans, as much as upon the 
will to do so. In the same way, the bewilderingly rapid and numerous 
political changes of the century and a half to which the rest of this 
book will be dev'oted, at e\'ery end and turn influence, and are in¬ 
fluenced by, the technological revolution which is the object of our 
study. 

Western man in 1900 looked back with complacency upon a period 
of both industrial and political revolution. Regarding the former, he 
was fully entitled to say that his relationship to natural resources had 
been profoundly changed, and changed for the better. He would 
have been equally certain of much political progress achieved, and of 
the promise of more to come. Today, indeed, the technological 
3 d^'ances made up to 1900 seem by comparison a little less impressive 
than they once did; the political progres, on the other hand, which 
caused the world of 1900 to appear so vastly preferable to that of 
175 <>) is now by many thoughtful people looked ^ck upou with envy. 
Perhaps the belief that the deepest problems of politics were being 
solved along with the deepest problems of economics was, even in 
1900, a delusion held and propagated chiefly by the possessing 
classes; but for our present purpose it is important to bear in mind 
that the industnal revolution, too often thought of in terms of the 
narrow field of British history, increasingly affected the politics of 
the whole western world, was in turn affected by them, and by 1900 
shared with the political changes the credit for what was commonly 
identified on both counts as an age of unparalleled progress. 
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The age forms only an ardficiaJ unit, for Uto great industrial changes 
were beginning, as we have already seen, long before 1750 (p. 43); 
they are continuing, as we all of us know to our pleasure and our 
cost, long after 1900* Similarly, it is artiheial, though esniemely 
convenient, to attempt further subdivision of a century and a half 
in w'hich events, alike in the political and the technological helds, 
follow upon each other in a closc-woven and tangled pattern of 
cause and effect. We may, however, distinguish three main phases. 

The first of these lasts down to the battle of Waterloo in 1815, and 
is marked by three great w^ars and tw'o epoch-making revolutions. 
Out of this period of two gcrLCrations that comprises what is called 
the industrial revolution in the narrower sense—the evpansion of 
British industry in the time of Arkwright, Wedgw^ood, Boulton, and 
Watt—^the equivalent of one whole generation is a period of war: 
the consequent distortion of the economy had important effects upon 
technolog}, even though these wars were not toi^ and their physical 
effects were by twentieth-oentury standards slight. At the same dme, 
the neyv revoludonar}'' ideologies embodied in the American Dec¬ 
laration of Independence (1776) and the French Declaration of the 
Rights of Man (17S9) had an enormous influence upon man’s atti¬ 
tude to the universe in general and to his fellow-man in particular — 
and in the long run the evaluation of a labour-saving device is closely 
related to the value placed upon the bbourer. 

The period after 1S15 begins with a deceptive lull, the political 
quiescence of the Age of Mettcmich and the slow economic recover)' 
of Europe after the long wastage of the Napoleonic wars, trends 
which duly reacted upon British trade. Then from the 1840*3 on^ 
wards the twin and often opposed forces of nationalism and liberal¬ 
ism gathered strength. On the one hand there was the triumph of the 
North in the American Qvil War, and the uniheation of Italy on 
a parliamentary basis - on the other, the establishment of the German 
empire by a nation in arms which owed more to militarism than to 
liberalism. In ever)' case, however, the growth of the strong nation 
state was accompnied by the spread of the railway network, which 
was the most important of the technological developments pioneered 
by Britain in this second phase. 

From 1871 to 1900 the western nations were at rest again, in the 
sense that their energies were diverted from internecine conflict to 
the exploitation of the national territories. For the United States an d 
Canada, as also for Russia, this was the age of the 'moving frontier*; 
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for the powers of western Europe^ with their more restricted home- 
landSy it w^as the age of imperialism and the partition of Africa. An 
American historian^ Professor Carlton Hayes* terms it ^a genera rion 
of materialism** Certainly,, a material civilization based on tremen¬ 
dous advances of western technolog)- was, during these thirt)- years, 
spread over the world *s surface wiA a rapidity unheard of before. 
Since technological advance brought a higher standard of living for 
many, perhaps most, of the countless multitudes of human beings 
affected by it, others besides materialists became convinced that its 
continuance not only could, but would, end what ’Winw-ood Reade 
once called ^thc martyrdom of man*. 

Not only does the general history of these great ad^unces begin 
in Britain, but for at least lOO yeirs British men and machines w^ere 
also prominent in the more gradual extension of the ''workshop of the 
world* to countries outside Britain—across the Channel to France 
and especially to Belgiumj to some of the many German states and 
their neighbours, such as Sw-eden and Switzerland, and to the eastern 
United States. But in the second half of the nineteenth century the 
general trend slowly changed, as the economic importance of Britain 
came to depend more and more upon the cumulative effects of her 
inventiveness in the past, w'hile America, Germany, and other 
nations, to whom memories of the past did not give the same 
dangerous psychological reassurance and practical handicaps, in¬ 
creasingly took the lead* By 1900 the newest technological devices 
were for the most part not of British origin, and, w hat was of ev-en 
greater importance, they were being more energetically developed 
in countries w^hich had not a vast capital locked up in w^ell-tried 
methods of production. Electric power and the internal oombustion 
engine, for instance, were making rapid progress elsew-here w*hilc 
Britain, with her superb equipment based on stcam-pow^er, was 
slowly learning that the good is the enemy of the best. 

Before turning to the start of the industrial revolution in Britain, 
it may be useful for us to distinguish some half-dozen inHuences 
which, in differi ng degrees, affected the growth of the industrial revo¬ 
lution in most times and places. First, there was the mysteriously 
rising tide of popukrion. It is true that improved agricultural tech¬ 
niques increased the available supply of food, and also that higher 
standards of cleanliness, associated with the introduction of cotton 
cloth and cheap piping for water-supply and drainage, greatly assisted 
the work done by advancing medical knowledge in keeping more 
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people alive for longer periods: yet the rapid growth of the popu¬ 
lation of Europe as a whole bears no direct relatioii to the spread of 
the industrial revolution, A reasonable estimate suggests that a 
population of about 140 million in 1750 grew in. successive half 
centuries to i 83 , 266^ and 401 miUion, percentage increases of 36;, 
40, and 50 over the three periods, which do not correspond to the 
industrial changes: these were of small effect before iSoo and 
became prodigious only after 1850. Vet whatever its ultimate causes, 
this increase of population offered at least three incentives to indus¬ 
trial advance. To provide even a minimum of food, the farmer had 
to become industrially more efficient* and specialized means of 
transport were also developed to bring it from remote, often trans¬ 
oceanic* sources of supply. In the long run, too* the hungry^ mouths 
could be fed only if hands were employed in manufactures which* as 
a result of improved technology, could be exchanged somewhere in 
the world for adequate supplies both of raw materbls and of food¬ 
stuffs. Thirdly, this growth of population gave a stimulus to the 
growth of towm life* and most technological advances* from the 
steam-powered factoiy^ and gas-lighting at one end of our period to 
the steel-framed skyscraper and the cinematograph performance at 
the other* spread most rapidly in an urban environment. 

The political factors are easier to disentangle. The high degree of 
personal and political freedom which characterized British life In the 
eighteenth century' is generally accepted as a factor that helped the 
inventors* The American and French revolutions had a broadly 
similar effect, both in freeing the energies of the individual and in 
freeing trade enterprise from traditional restrictions such as internal 
customs barriers or trade regulations. The importance of Americans 
freedom increased as the country fUied with European immigrants. 
As for Europe itself, the spread of French ideas in the wake of 
Napoleon^s armies* the upsurge of principles of liberty in the revo¬ 
lutions of 1848, the final disappearance of serfdom with Aleitandcr 
IFs decree of emancipation in Russia and Poland in 1S61, and the 
spread of manhood suffrage from France and Germany into the 
smaller states during the last decades of the nineteenth century, am 
only some of the main stages in what w'as really a cumulative pro¬ 
cess. But the mention of Napoleon is a reminder that the era of grow¬ 
ing personal freedom was also characterized, more intermittently* 
by international conflict. War has always given an important in¬ 
centive to technological development* a fact of which there are 
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numerous illustrations m the British industrial revolution^ from the 
canronades, developed at the first modern Scottish ironworks (Car- 
ron) for use against the American rebels, to Bessemer steel, which 
w'as invented when impro%‘ed material was in demand for ordnance 
at the time of the Crimean War^ So also the Continent received an 
important stimulus from the need to circumvent the effects of the 
British naval blockade in the opening years of the nineteenth cen¬ 
tury', while the Civil War of 1861-5 Proved to be one of the cardinal 
epochs in the growth of American industry. 

Other factors that are common to the technological progress of 
Britain and the rest of the: western world include the accumubdon 
and intcmadonal avaibbility of capital, and the impetus given by 
the growth of intemadonal trade. Britain between 1750 and 1900 
figured as the principal lender, though at the beginning of the period 
a considerable part of the British national debt w^ sti ll held abroad, 
especially in Amsterdam, while towards the end of it America, Ger^ 
many, and France were all playing an important part in developing 
the industrial revolution by loans made both to independent foreign 
pow'crs, such as Russb, and to areas of open or disguised colonial 
exploitation. As for world trade, it has been calculated that, in a 
period during which total popubtion doubled, commerce was grow¬ 
ing ten times as fast, a growih which was due above all to improve¬ 
ments in transport and communications. These the technologically 
advanced pow-ers were always eager to develop in the more back¬ 
ward regions of the world; although their object was to secure a 
supply of raw materials and foodstuffs, the long-term result was to 
provoke an industrial resolution by imitation. 

Another important factor in the development of modem tech¬ 
nologies has been the system of patent bw obtaining in the different 
countries. The statutory English system (p* 38) w'as extended to 
Scotland by the Union of 1707, and provided the basis for the 
American patent bw, passed in 1790 and first administered by 
Jefferson as secretary of state. In 1836 a Patent Office w^ set up in 
America, to provide regukr means for establishing the usefulness 
and novelty' of all claims, and in 1S61 the traditional English period 
of fourteen years was extended to scv'cnteen. It was of this s)'stem 
that Lincoln said it ‘added the fuel of interest to the fire of genius^: 
by 1857 the United States was issuing 35 per cent, more patents 
than Britain. 

French patent law dates from 1791, when the revolutionaries, after 
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sweeping and guild monopolies as part of the old ordcr^ 

asserted the principle that ''It would be attacking the rights of man if 
an industrial discovery were not regarded as the property of its dis¬ 
coverer'. One of the first patentees was Leblanc (p. jjaX though the 
patent did not protect his factory from cvenuial con&catioiL The 
principle of a patent right had, how ever, been clearly enunciated in 
France, from which it spread to some neighbouring countries, w'hcre- 
as in Germany there was no general validity of patents until a con¬ 
vention was made by the member states of the Zotiverein (or customs 
union) in JS42., and protection remained incomplete there untU 1877: 
in 1&57 America granted sixty times as many patents as Prussia, 

In 1883 an Internationa] convention encouraged the practice of 
patenting an invention in several countries by allowing the inventor 
a year's grace, during which time he w'as protected against piracy in 
all signatoiy* states. Inventiveness was stimulated, inasmuch as the 
monopoly for a limited period, which gives the inventor the incen¬ 
tive to publish his discovety, was extended to a less limited area. 
But at the same time the growing complexity of industrial processes 
meant that the framing of patents and the testing of their validity 
according to basic legal principles that often differed very pro¬ 
foundly from one State to another became increasingly difficulL 
This helped the Urge concern with interests In many parts of the 
world, which by 1900 often used patent Udgation, or the threat of it, 
as a convenient w'Capon for suppressing the development of un¬ 
wanted new processes. 

One other feature common to the industrial revolution of diflferenl 
countries is the increasingly significant part played by the growth of 
scientific and mathematical theory. Broadly speaking, we may say 
that throughout the nineteenth century the role of the scientist as a 
pioneer of industrial changes was becoming more evident in each 
of the major countries concerned, though even in 1900 his was 
rarely that all-important role which we associate with the research 
scientist of today. In general, the period in which British industries 
led the w-orld coincides with that in w hich the empirical was pre¬ 
ferred to the purely scientific approach to industrial problems: cer¬ 
tainly, that leadership was already waning before the doctrine that 
Ludwig Mond, a naturalized German, expounded to the Society of 
Chemical Industry in 1S89, became a commonplace even in Britain: 
‘The slow merhodical investigation of natural phenomena is the 
father of industrial progress,' 
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THE QL’ICICENING TEMPO OF INDUSTRY^ I75O-92 

We may take first the period down to 1792, when the outbreak of 
the French rcvolurionaiy' wars cficcdvcly halted the progress of 
Britaln^s main industrial rival, France, and at the same time intro¬ 
duced a period of war economy lasting until 1815, in which the trade 
of the w'hole 0:>ntincnt and even of the United States of America, 
to say nothing of Britain and France, w^as diverted from its normal 
course, causing inventors—as in the world w'ars of our own days— 
to seek new ends. The beginning of the period, that is to say, the 
start of the industnal revolution in Great Britain, is conventionally 
dated from the accession of George ill in 1760, because this event 
was quickly followed by the kc)'' developments in textile-spinning 
(1764-9), by Wattes vital improvements to the steam-engine (1765- 
76), by an important grow th of iron-working in Scotland and South 
Wales, and by the first beginnings of the English canal netw^ork. 
Nevertheless, it is more realistic to make mid-century the starting- 
point. The long period of peace under Walpole had seen the initial 
developments in the textile industries—Kay's fl>ing-shuttle, and the 
spinning inventions of John Wyatt and Lewis Paul (p. 105). The 
sequel to the Jacobite Rebellion of 1745 was a rapid growth of turn¬ 
pike roads, and the intdlcctual climate of the dfiies undoubtedly 
prepared the way for more revolutionary industrial decades. Thus it 
was in 1754 that the Society for the Encouragement of Arts and 
Manufactures was founded, w hich six years later w^ inspired by its 
knowledge of Paul’s work to offer prizes for furtliei advances in 
spinning-machines. Meanwhile, in 1757 Josiah Tucker reported that 
Tn the metal industries of Birmingham and Sheffield, almost cv'ery 
Master Manufacturer hath a new invcntioii of his own, and is daily 
improving on those of others'. Such were the beginnings: in the 
course of the thirty years, 1750-80, the annual number of patents 
w-as multiplied by approximately six. 

The industrial rev'olution had been a long time in the making. It 
IS, on the whole, less surprising that it should have come in the mid- 
eighteenth centur)\ a period of stable govemments, a coniiderit 
middle class, wars fought by professionals with little damage to the 
economy and, above all, of expanding European trade, than that— 
for reasons already noted (p. 44)—it came first to Britain, Whereas 
Italy, the Low' Countries, France, and the great German cities, had 
each in past centuries taken the lead technologically and had stood 
far ahead of her, it was now the turn of Britain to reap decisive 
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advantages from her geography and her history. Starting from an 
island position, it was naturaJ that her people should direct both 
their commercial and their military enterprises—they were of course 
frequently interrelated—across the oceans with their boundless pos¬ 
sibilities, rather than, like France, towards the escploitation of the 
Continent. In an age when most foreign trade lay within Europe, 
Britain had a high proportion of oceanic commerce, while the fact 
that at the lime of the Peace of Paris in 1763 her mercantile marine 
had Increased sixfold in a century, suggested that she could hnd the 
transport to serve a larger transoceanic market. Within twenty years 
the British mercantile marine received a further stimulus when the 
Dutch, as a result of their rash participation in the Maritime War 
of 1778-83, lost their still prominent position in the canying trade 
and much else. 

At the same rime, the industrial entrepreneur and the techno¬ 
logist derived a w hole series of incentives from what might fairly 
be called the British way of life. The people described in the pages of 
Fielding and Smollett enjoyed a comparatively easy relationship 
behveen classes and regions that made both capital and labour more 
mobile than in most countries. Their government made compara¬ 
tively little efiTort to direct and supervise production, much less to 
organize state manufactures—a practice as stifling to individual initi¬ 
ative as it was dear to the hearts of enlightened despots like PredcFick 
the Great of Prussia. The surviving trade guilds in the main beked 
the power, still common on the Continent, to restrict the activities 
of a self-coniident middle class, whose members w'erc not only free 
generally to make their fortunes as they pleased, bur if successful 
could aspire to enter the highest ranks as measured in icmns of 
intellectual, social, and political disrincrion. Arkwright, who rose 
to knighthood ; Wedgwood, w ho worked at the potter's wheel before 
he was ten, and became an F.R.S, and the employer of Flaxman; and 
the calico-printer, Peel, whose father was a yeoman, and whose son 
was twice Prime Minister, are only three of the great pioneers whose 
advancement served to stimubte the ambition of their contem¬ 
poraries. Goethe sums up an attitude to lifeas w-cll as to patents when 
he wTites: The Englishman is free to use that which he has dis¬ 
covered until it leads to new discovery and fresh activity* One may 
well ask why are they in every respect in adv'ance of us ?' 

The term ^industrial revolution’, as applied to the changes which 
affected parts of England, the Scottish lowlands, and south Wales in 
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the later years of the eighteenth centuiy'j is historically convenient 
and reflects the supreme importance of the events in question as 
seen in retrospect. It ivas not, however, re\'olution in the sense of the 
American and French revolutions, that is to say, a fundamental 
change of which most oontemponmes were in some sense aware. 
The agriculniral improvements w'hich helped to feed a rapidly 
grow ing popnlarionwere no doubt most widlely spread, but even their 
introduction was slow and piecemeal. The progress made at this time 
by the cotton industry, where the jenny, the frame, the mule, and 
even the powcr-Ioom were accepted more readily than in the con- 
seiv^ative woollen industry which had been for centuries Britain’s 
main source of wealth, was certainly revolutionary in its conse¬ 
quences; yet it wns not until ten years after the close of the period 
which w'c are now considering that the vuluc of cotton exports for 
the first time exceeded that of woollens. The expansion of the iron 
industry^ w'ith its many new roles in peace and war was perhaps on 
the whole more conspicuous. As the practice of ooke-smelting spread 
through the trade, large-scale blast furnaces came into operation near 
the most accessible coal scams, but it was only after 17S4, when it 
became possible to turn pig into wrought iron by the puddling pro¬ 
cess, that the total of British iron output began to soar (p. 476)^ It 
is even more tempting to think of a rev'olution as deriving from 
Watt’s steam’-engine. The first two were installed in 1774, to drain 
a colliery and to work a blast-fumacc, and by 17S5 the engine in its 
rotative form had been applied to a cotton-spinning mill as well as to 
the needs of breweries and other older large-scale enterprises. Yet 
when Watt’s patent expired in rSoo a total of rather 1 <^ than 500 
engines had been built, so the average output of the famous Soho 
works (Fig, 132) was only a score a year. Moreover, their av'crage 
horsepower, so far from revolutioniring earlier industrial conditions, 
was not significantly greater than that of the windmill or the water- 
wheel (p. 312). 

Since trade and the hope of trade gave the main initial impetus to 
inventions, one of two important factors in the developments of this 
period was the increasing ability of the British to finance business 
expansion. While Europe as a whole was receiving much benefit 
from a great revival of silver production in Spanish America, the 
gold of Brazil w'cnt chiefly to London. More far-reaching in its 
effects was the circumstance that, whereas most of the powers 
followed the example of Frederick the Great w^hen he established 
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public credit banks to help to make good the damage done by the 
Seven Years War, Britain was rivalled only by the Netherlands in 
the number of its private banks* Of tbesCj the country banks directly 
assisted in the manufacturing districts, w^hile the merchant banks, 
particularly in London, facilitated overseas conunerce and shipping. 
The other important factor was the inHuciice exercised by the wars 
of 1756-63 and 1775-S3. Their effect on the development of the 
iron industry is clear: the inferiority of French naval cannon was 
noted already in the Seven Years War, and in 1774, w^hen the quarrel 



Fj 5. ija. Boulum & Win^t Solw? w«ica, rrbvilt 1795 


with the American colonies was just coming to a head, John Wilkin¬ 
son made a further improvement in British ordnance by the inven¬ 
tion of his boring-machine — and it was the further development of 
this machine-tool that made possible the perfecting of the cylinders 
for Boulton & Watt’s steam-engin.es. The wars also intcnsiffcd the 
recurrent trade crises which made the textile industries intensely 
competitive, so that even deserving inventors of the type of Samuel 
Crompton and Edmund Cartwright weut quickly to the wall. Thus 
brief periods of depression followed the end of both the Seven Years 
War and the American War of Independence, while a third, more 
serious depression was already forming at the time of the next crisis 
in Anglo-French relations m 1792-3, Because the power of the 
eightccnth-centujy' state was so much less, the actual war-periods 
showed fluctuations rather than any general depression of overseas 
trade; it is significant that in tyEk), at the height of the Maritime 
War against FrancCj English hardw’are was still being exported to 
diat country, via Hamburg. 

The publication of Adam Smith’s Wiahh Natiosi in 1776, 
Pitt’s general reductions in the tariff, and his commercial treaty w ith 








10 THE QUICKE NIN G TE M PO OF IN DUS T R Y, 17 S 0 -9 2 ifis 

France (1786) mark the beginning of the British free-trade movemenE 
In the six-year period in nhieh this affected Anglo-French rcktions^ 
as in the more general free-trade era of the mid^ninetcenth century, 
the first effect was to stimulate a superior British technology, by 
enhancing its profits, but the second was to stimulate technological 
rivalry. Yet at the outbreak of the political revolution in France, the 
industrial revolution was far from being that British monopoly 
which it appeared to be on the morrow^ of Watcrlot>K But for the 
long wars, it is likely that the reduction of the tariff on British tex¬ 
tiles to 12 per cent, w ould have proved only a temporary discourage¬ 
ment to French manufacturers. Their more lasting handicap was the 
shonage of coal in France, which was bound to grow more important 
with the development of a steam economy; ne\'erthelcss, a France 
which had in other respects an assured position of industrial leader¬ 
ship might have secured the use of her neighbours’ coal on favourable 
terms. 

To return from speculation about the mid-nineteendi century to 
the facts of 1786, it has been claimed by an English wTiter that at 
that date, ^French industries seem to be in a brilliant position hither¬ 
to unknown’* In the course of a generation guilds had been weakened, 
trade monopolies revoked, and the tax on capital and profits reduced. 
In the great Enfyhpaedia (1751-72) and its accompanying volumes 
of fine plates (see Fig. 54) Franco possessed, among other things, the 
first comprehensive treatise on technology* LavoLsier*s impact upon 
agTiculrure, public finance, and even measurement—he was secretary 
to the commiiiision which inaugurated the metric system in 1791— 
show’s that the French government surpassed the British at least in 
its awareness of the usefulness of men of science, France, moreover, 
had other ingenious inventors, a strong artistic tradition among her 
craftsmen, and many expanding trades: Marie Antoinette, for cx- 
ample, deserves to be remembered for her patronage of cotton fabrics. 

If conditions for the development of a manufacture are equally 
favourable on both sides of a frontier, technical knowledge will sel¬ 
dom be prevented from crossing over. Since so much of the tech’- 
nological history' related in the rest of this book is concerned with 
Britain because new devices were dweloped there first, this point 
requires immediate emphasis. The British laws against the emigra¬ 
tion of artisans and the exportation of machinery' w'ere maintained, 
in principle more than in practice, until 1825 and 1845 respectively. 
It was, however, generally impossible to prevent profitable inven- 
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lions from becoming known: foreign visitors could always mate a 
pretext for seeing machinery- descriptions often found their way 
into technical periodicals; and machines were often smuggled abroad 
or exported in contravention of regulations which ivere difFicuk to 
enforce. Above all, skilled workmen were tempted by the prospect 
of high wages and promotion, often into the ranks of managers and 
entrepreneurs, to mo\^e to countries where they knew their skill 
would be at a premium. 

John Kay, the inventor of the flying-shuttle, lived in France for 
nearly a quarter of a century before his death in 1770, and taught the 
use of bis machine; it was, nevertheless, being retaught in 1790, a 
reminder that it is unsafe to argue from the availability of an inven¬ 
tion to its prevalence^ A second significant figure is that of John 
Holker, a Manchester calendcrer and Jacobite, -who served as In¬ 
spector General of Factories in France from 1755 to 1786. His in¬ 
terest in British progress stretched beyond the textile industries: he 
is known to have drawn up the mstruedorts for a fifteen months^ 
tour of the British coal and iron and other industries, which the 
French engineer Gabriel Jars made on the morrow- of the Seven 
Years War to ^ascertain the reason why industry is pushed much 
further in England than it is in Franoe^ Jars paid several other 
official visits to foreign countries, and bad only just begun to dis¬ 
seminate in France w-hat he had learnt w-hen he died young in 1769, 
a year after he had tied with Lavoisier in the election to the Academy 
of Sdenocs, But half-a-dozen years later his example sent a French 
ironmaster, Maichant de La HouUire, to the works of John Wilkin¬ 
son (p. 47 s), whose brother William was invited to start a royal 
cannon foundry' on the island of !ndret at the mouth of the Loire. 
He recommended using the Le Creusot ironworks to provide blast¬ 
furnaces to feed the foundry, and it was at Le Creusot, though not 
through Wilkinson^s initiative, that in 1785 the coking process came 
into use for iron-smelting for the first time on the Condnent. A 
sdll more striking example of a key invendon crossing the Channel 
successfully though unaccompanied is that of the first steam-engine j 
which was imported in 1779 to help pump the Paris water-supply 
from the Seine. The necessary drawings and the larger metal parts 
were sent to the firm of Perier, w'ho Uter testified that *110 English¬ 
man ever had a hand in the setting-up of the machines*. The Danes 
were less fortunate. In 1788 they engaged a Scotsman to build 
on the spot an engine for the forge hammer in the Copenhagen 


10 THE QUICKENING TEMPO OF INDUSTRY, 17SO-02 287 

doct)'ard; it cost more than £7,000 to erect, used three dmra as 
much coal as a Watt engine of the same power, and had to be 
replaced after a dozen years by the purchase of the genuine article* 
Among other countries that were industnally ad^^anced in 1750, 
both Russia and Sweden lost their strong position as iron-makers as 
the coking process spread through western Europe, but from the time 
of Emanuel Swedenborg—who w'as a metallurgist and many-sided 
associate of Polhem (p* 144) long before he became absorbed in 
religious speculation, and who died in London — the Swedes were 
keen observers of the industrial scene fanher west j they even invited 
Matthew Boulton to transfer his acdvibes to their country, Frederick 
the Great’s conquestof SQesia, w^hich was valuable from an economic 
standpoint, coupled with the existing Prussian iradition of paternal 
administration and the ruthless energy of the king himself, give 
special importance to events in Prussia. A rich find of silver-bearing 
lead w^as made at Tarnowitz shortly before his death, and m 17S9 
Wilkinson left England for the second time to introduce coke- 
smcldng there at the Friedrichshiitte. A couple of years later, coke¬ 
smelting was being applied also to the Upper Silesian iron-ore, and 
before the end of the decade Breslau had the first iron bridge on the 
Continent. It is characteristic of the earnestness with w'hich the 
Prussian state pursued the economic development of its relatively 
small resources, that the career of Freiherr von Stein began in the 
official mining service, which sent him on a prolonged visit to England 
in 1786 to secure the Boulton Si Watt steam-engine. The first engine 
was erected at Friedrichshuttc m 17S8 and m the foUowing year in 
Westphalb, Stein’s mission having secured drawings, cylinders, and 
some workmen* By 1800 the Prussian state had two small engine- 
building establishments, but by then the relationship between a 
more industrialized Britain and a less industrialized Continent had 
been considerably modified. 

THE PERIOD OF THE GREAT FRENCH WARS, I79^-l8I5 
When France declared war on Austria and Prussia {20 April 
1792) and on Britain and Holland {i February 1793) she inaugurated 
an age of war which lasted, with two brief interruptions, until 
Movember 1815. Thus the second phase of the industrik] revolution 
is one w'hJch w as affected by a war economy almost continuously, for 
the improved trade relations with France, established by Pitt in 
1786, w'ere not renewed during the fifteen months of the Peace of 
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Amiens {1802-3), while Napoleon was relegated to Elba in 
1814-15, Britain,, except for the first two months of 1815, was still 
at war with America, This war rdgime reached a climax in the years 
1806-11, when Napoleon attempted to exclude British trade from 
the Continent and Britain counteracted his continental system by 
depriving the Continent of all trade which did not pass through 
British ports. 

Comparisons with the much shorter but far more intensive war 
effort of the fi.rsT tw'O world wars are, of course, misleading. Each 
fighting man in the field is sustained nowadays by about six times as 
much war work at homo as was required then; moreover, the powers 
of government, whether by organization or by propaganda, in se¬ 
curing such direction of effort as was required were so much smaller 
then that they seem scarcely to have impinged upon the tranquil 
middle-class life recorded by Jane Austen. Since a food shortage, 
unlike a munitions shortage, requires no advertisement, the most 
consistent progress was probably that made in the enclosure move¬ 
ment and in agricultural improvement generally. By 1815 a bird’'s- 
eye vim would have shown the tilled area, after long centuries of 
struggle against w oodland, marsh, and waste, at last approaching its 
economic maximum^ The strain was certainly felt by the mumtions 
industries, including the building, arming, and servicing of those 
ships of the line on which the safety of the island was seen to depend 
—the block“inaking machinery introduced at Portsmouth dockyard 
is a clear illustration fp. 351)—^but, in general, increased use of 
steam-power and machinery enabled Britain to press home the ad¬ 
vantage which she derived from her superiority in iron production. 
The war also encouraged their use in the textile industries, to supply 
both uniforms and blankets for our own armies and the far larger 
forces of our aUi*^; tsambard Brunei was even able to run an army 
bool factory with machine-riveting of soles—a process w'hich re¬ 
verted to hand-work when the war was over^ 

In comparing the situation with later war periods it is also im¬ 
portant to remember that Britain on this occasion received no sup¬ 
port from financial backers outside Europe and very little from ac¬ 
cumulated overseas investments. The sum of ^([57,000,000, which 
she used to build up and sustain the five coalitions against France, 
required therefore a great development of the export trades. Some 
British goods virtually sold themselves — the re-exported eolomal 
sugar and coffee, for example, which w-ere smuggled from island 
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bases oq to the Continent; or the greatcoats, boots, and even regi¬ 
mental badges with which Napoleon, against his own rules, dander 
stinely equipped his soldiers. But the niinufacture of ootton-doth, 
which now became Britain's largest export, was part and parcel of 
the war elfort, no less than the commercial enterprise which, within 
twelve months of the Nayy'^s rescue of the Ling of Portugal from 
Napoleon's clutches, established sixtj' British firms in his colonial 
capital of Rio de Janeiro, 

The sufferings of the people during the war years were probably 
due to the w'ar itself rather than to any of the technological changes 
which accompanied it, but it is likely that the picture of the 
industrial revolution as mainly an oppressive force dates partly from 
this rim e. After 1799 trade unionism was, in iHeojy at least, com¬ 
pletely suppressed; a measure to improve the conditions under whjeh 
pauper apprentices were employed in factoriK left the exploita-' 
tion of other children completely unchecked; the le^ regulation 
of wages and the legal enforcement of apprenticeship were both 
formally abandoned; and the political echpse of both the Whigs and 
the Radicals left the people vutually w ithout any means of voicing 
their grievances. The Luddite disturbances (p. 573) at die end of the 
w'or period, although they were a protest primarily against the abuse 
of an old type of machinc^the knitting-frame were no doubt 
symptomatic of a general malaise. Wages rose during the war years 
but so did prices, and if there were hand-loom w'eavers who on oc¬ 
casion walked round w^ith fiv'c-pound notes stuck in their hat-bands, 
a grudgingly relieved poverty W'as very much more conspicuous, 
whenever the sudden depressions to which war-time trade was 
particularly liable brought the mills to a standsdll. Jk'loreovcr, as 
the steam-engine gradually replaced the water-w'beel, factory work 
became concentrated in the towns, where war-time shortages of 
timber, bricks, and glass helped to establish a regime of jeny'-built 
cottages surrounding the substantial and even gas-lit edihees which 
housed the machines^ 

Meanw'hile, what was happening in France ^ Between 179 ^ 

1799 the output of textiles and trade as a w'hole were reduced to 
one-third of their former extent The frequent changte of govern¬ 
ment, the Reign of Terror, and the Law of the Maximum, to say 
nothing of the enormous financial depreciation, destroyed confidence 
and cut short many careers full of promise for industry besides those 
of Lavoisier, who w^ made a victim of the guillotine, and Leblanc 
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(p. 532), who lost his property 2nd died by his own hind in 1806. But 
it is evidence of the astonishing energy released by the revolutionary 
era that the Committee of Public Safety interested itself in Leblanc’s 
soda>making process (even though he lost the profits), that the 
Polytechnique and schools of civil engineering and mining were 
established, and that the year 1798, when the decline of the Direc¬ 
tory was preparing the way for Bonaparte’s assumption of supreme 
power, was dignified by the holding of an industrial exhibition. 
It was, however, the age of Napoleon which left the more lasting 
impression on technology. 

The restoration of order and the establishment of a new legal 
s>'stem under the Consulate and Empire gave industry a chance to 
revive. In 1807 the commercial code even provided a form of limited 
liability for sleepily partners in industry, nearly two generations 
ahead of British practice. Napoleon was himself interested in the 
industrial arts: he had the flying-shuttle demonstrated for him in a 
model w eaving-shed at Passy; he had Jacquard (p. 570) brought from 
Lyons to work his loom at the Conservatoire des Artset Metiers;and 
his prefects were required to encourage the use of machinery for the 
carding and spinning of wool which a Scotsman manufactured on an 
island in the ^ine. By 1812 Alsace had begun to spin on a small scale 
by steam-power. Yet the main interest of the Napoleonic era for the 
present subject does not lie here but in the consequences of French 
militarj’ policy—the conversion of western Europe into what was 
virtually a single economic unit, and the attempt to make that unit 
viable in face of the British trade blockade. 

The economic life of France was undoubtedly stimulated by a 
50 per cent, increase in area and population. For example, the an¬ 
nexation of Belgium meant that her coal output, which was about 
700,000 tons at the outbreak of the Revolution, reached 5 million tons 
in 1807. Yet—a significant detail—only Le Creusot sold coke- 
smelted iron, and that not until 1810, when the empire was drawing 
near to catastrophe. But it is when we examine the Napoleonic de¬ 
pendent states and satellites that we find ourselves at a turning- 
point in economic histoiy' at which European history obstinately 
failed to turn. As with Hitler’s New Order of 1940-1, it is impossible 
to estimate what this unified Europe might have achieved—because 
it was never stabilized: the end of the beginning, when the French 
frontier reached Rome and Liibeck (1810), was also the beginning of 
the end. Beet-sugar production is an important development of the 
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period, which reminds us of the constant faaor of British pressure. 
The general abolition of serfdom in territories conquered by the 
French, which was taken up by the Prussians under Stein for their 
own purposes in 1807, prepared the way for all subsequent develop¬ 
ments in European agriculture. On the west bank of ^e Rhine, and 
to a lesser extent elsewhere, the abolidon of local trade restriedons 
liberated new industrial forces. Napoleon w’as an ardent advocate 
of canals, and as far away as the Ill)Tian provinces he left his mark 
in the road s>'stem. There were also some important spontaneous 
developments among the French satellites: 400,000 tons of coal 
raised yearly in the Ruhr; more than a quarter of a million spinning- 
mules in use in Saxony by 1813; the establishment of machine 
cotton-spinning from England at St Gall in Switzerland in February 
1801; and an independent Swiss invendon of crucible cast steel. 

But it was only Belgium which w'as experiencing an actual revolu- 
don in industry, and that for excepdonal reasons. Firmly joined to 
France since the summer of 1793, this andent industrial region had 
already received a new- sdmulus from the French laissez-faire policy 
and the opening of the Scheldt trade, when an Englishman, William 
Cockerill, half a dozen years later established at Verviers a factory 
to make wool-carding and spinning machinery. His venture was 
further developed at Li^ into a regular texdle-machine building 
business, from which one-half of the output wus sold to France. 
Li^e also became the centre of an important munidons industry: 
iron rails were laid at a cannon foundry there in 1800, from which 
their use spread into the coal-mines; and in 1813 William Cockerill 
imported a Watt engine as a model from England. He then retired, 
but an enterprising Prussian, who was quartered on CockcrilPs sons 
just before the Battle of Waterloo, found them making steam- 
engines and hydraulic presses on a scale that caused him to negotiate 
for their services at Berlin. 

The trade war in Europe also had some effect on the develop¬ 
ment of the United States of America, even before the war against 
Great Britain which resulted from it in 1812-15. The Americans 
had begun to cast cannon at Springfield during their War of Inde¬ 
pendence, but it was not until after the achievement of independence 
that the first cotton factory was set up by Samuel Slater, w’ho had 
been apprenticed to Arkwright’s partner, and the wool-carding 
machine was brought over by Arthur and John Schofield from York¬ 
shire. Free America acted as a magnet to enterprising Englishmen of 
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the type of Joseph Priestley, the Birmingham chemist, and Tom 
Paine {p. +50), both of whom spent their last years there. But much 
the most important development at that period was the planting 
of *sea island* tx>ttaa from the Bahamas, which began in 17S6 and 
was enormously expanded as a result of Eli Whitney's invention of 
the ^tton-gin. (p, 557), so that America had a readily harvested raw 
material to exchange for the finer qualities of manufactures of all 
kinds which w'cre still the great subject of W'cst-bound Atlantic 
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trade* Frnm 1793 onwards, however, the uncertainty of European 
trade caused the birth of a small-scale factory sy stem for cotton- 
spinning, while after the commencement of hostilities in 1812 
w'ooUen factories also became numerous, to provide militarv uni^ 
forms and negro clothing, and to some extent the finer qualities of 
cloth* The outbreal: of w'ar was due largely to the success of the 
Amerian mercantile imrine in reaping a golden harvest from its 
neutrality: tonnage registered for foreign trade had increased eight-- 
fold between 1789 and iSio, so that Orders in Council enforced by 
British frigates hurt not only young America's pride but her pocket* 
On the water, at least, America had no need to play second fiddle 
to imy European power: in the year preceding the outbreak of war, 
which necessarily reduced overseas commerce, her pioneer use of 
the steamboat, on the Hudson (p. ja8), had already spread to the 
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Ohio, foreshadowing the unimpeded peaceful development of regions 
well provided with inland waterw’a)'s (Fig. 133). 

FRO.M WATERLOO TO THE GREAT EXHIBITION, 1815-5I 

For the period 1815-51 the highlights of political history offer an 
unreliable guide to economic dc> clopmcnt. As regards English poli¬ 
tical history, the social unrest of the immediate post-war years, the 
Corn Law of 1815 and the long-continued struggle for its repeal, 
the disclosures leading to the Factor)’ and Gxd-.Mines Acts, and the 
Chartist agitation of 1839-48, all convey a picture of almost un¬ 
relieved gloom and oppression. This contrasts oddly with the sense 
of national achievement so clearly dispbyed at the Great Exhibition of 
1851. In the same way, the history of Europe is depicted in terms of 
an epoch of reaction, with the Chlcans monarchy in France as the 
exception which proves the rule, since ever)’ event from its enthrone¬ 
ment in July 1830 onwards is seen as contributing to its overthrow 
in 1848. There again an enormous and seemingly inexplicable con¬ 
trast appears in the sequel, when the Europe of 1848-50 resounds 
almost from end to end w’ith an armed struggle for liberal rights 
and national unity. 

In the eyes of the economic historian, at any rate, it is a period w hen 
Britain took a masterful lead, which the European nations at varying 
speeds endeavoured to follow: if the development of railways be 
used as a rough measure, Europe in the 1830*5 and 1840*5 made 
considerable progress (Fig. 134) and America more, but at the close 
of the period Britain still had the most complete and efficient net¬ 
work. If w'e measure the age in terms of trade, then we should begin 
with a period of European recovery about five years after the war, 
culminating in a Latin-American boom in 1824-5, when 250 new 
joint-stock companies were registered in Britain. In the same way 
there was an American boom in 1832-6, and in the forties a further 
expansion, which began with the opening-up of the China trade, 
continued with the railway *mania*, and culminated in the gold dis¬ 
coveries in California and Australia. From 1819 onwards Britain, 
but Britain alone, was in a position to base her currency entirely on 
gold, while from 1844 onwards Peel*s Bank Charter Act gave the 
Bank of England a prestige which outlasted the century’. 

From the point of view of the history of technology, however, it is 
important to see what were the industrial processes in which Britain 
excelled. One w’as her efficient agriculture: in a single generation 
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bctii^ccn 1811 and 1841, while corn laws kept out imports, the pro¬ 
portion of families which it employed fell from one-third of the 
nation to one-quarter. This meant that Britain had a much larger 
proportion of her population than had other nations a\'ailable for 
other basic industrial activities, such as coal-mining, of which the 
output in the same period was approximately quadrupled. This was a 
great age of iron, with the building of railways as the main innovation, 
though the queen of the export trades was indisputably cotton (Fig. 



Fig. 134. Railway viaduct in Saxony, constructed in 1845-51 


135)1 which by 1851 pve emplo)Tncnt to more than half a million 
workers, from the nine-year-old ‘piecers’ upwards. Yet from the 
point of view of the diffusion of advanced technologies, the most 
sigmheant trend was the growth of the machine-making industry, 
based on the development of the machine-tool by such men as 
Maudslay and Nasm>th. 

The spread of the industrial rev'oludon on the continent of Europe 
was to some extent a result, and to some extent also a cause, of the 
prominence of the machine-making industry in Britain. ^Igium 
indeed rose quickly to occupy a position which, although on a smaller 
scale, was similar to that of Britain herself. She possessed not only 
coal and iron-ore but an admirable position for transit traffic, and 
rulers (William I of the united Netherlands and Leopold I, first 
king of the Belgians) who continued the French programme of 
development. In 1817 the Gxdcerills established a great machine- 
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works at Scraing, where, according to a British official report, all the 
new inventions were to be had ‘ten days after they come out of 
England*. In the 1830*$ the Belgians sold machinery in Holland, 
Germany, and Russia, and were building their own locomotives. 
When the Bnissels-.Malines railway wzs opened in 1835 it carried 
more passengers than did all the existing lines in Engird. 

Ten years after the close of the Napoleonic wars there are believed 
to have been some 15,000 English workers in France, an important 
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contribution to her industrial growth, which, though far less rapid 
than that of England, began under the restored Bourbon monar^y 
and was the dominant feature of the reign of Louis Philippe (1830- 
48). In Marc Seguin, who laid the first (i8“km) railway track at St- 
Etienne, France had one of the leaders among early railway engineers, 
even though the railway network, which grew rather slowly until the 
time of Napoleon III, owed much to British railway-builders such 
as Thomas Brassey: one of the most important lines, the Paris- 
Rouen railway completed in 1841-3, was promoted by an English 
diplomat writh one-third English capital, employed all English drivers, 
and had its locomotives built by an English firm in France. By the 
middle of the century the use of steam-powder in France, which had 
been quite negligible under Napoleon I, amounted to 67,000 h.p. 
in all—a little less than was used in Britain for cotton alone. Large- 
scale industry as a whole employed only a quarter as many French 
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people as domestic manufactures, and at least half the pig iron was 
still smelted in charcoal furnaces scattered about the counti^-side; 
neNxrthclcss, the French output of coal had been multiplied six 
times in the course of a single generation, and before 1850 the modem 
practice had been dc\’eloped by which France imported an additional 
50 per cent, to meet her needs. At about this time a slowng-up in 
the progress of agriculture, by making rural labour more readily 
available for industry, completed the preparations for the greater 
period of industrial adx'ance associated with the reign of Napoleon III 
(1852-70). 

In the case of Germany, although the political history up to the 
year of rc\’olutions in 1848 is far less colourful than that of France, 
the outstanding de\’elopment has an obvious economic significance. 
The Germany of 1815 consisted of thiit}’-eight sovereign states, the 
largest of which, namely Prussia, consisted of widely separated blocks 
of territory, including a large new acquisition in the Rhine valley; 
in consequence, Prussian diplomacy was soon busy establishing the 
famous Customs Union or Zolhcrcin. By 1834 it included all Ger¬ 
many except an area in the north-west where British influence 
help^ to produce a counterpoise, and by 1840 the tariff barrier, low 
but lending to rise, ^as a sufficient irritant for an English investi¬ 
gator (John Bo^^Ting) to be sent to examine the strength of the new 
Prussian union. Nevertheless, Germany still lagged far behind 
France. Its melve largest towns together never showed a population 
more than 50 per cent, greater than that of Paris alone, and Prussia 
was only 2 per cent, less rural at the close of the period than at its 
beginning. France, indeed, had fewer rail\^'ays than Germany—in 
1850 about m*o-thirds of the mileage—but this i^as partly off-set 
by the superiority of the French roads and canals to those of Ger¬ 
many, where for a generation after 1815 the best network was that 
which the French occupation had left behind in the Rhineland and 
Westphalia. 

The greater distance perhaps accounts for the fact that there were 
fewer British craftsmen seeking employment in Gemany, but despite 
the small number British influence was powerful. The Cockerills* 
machine-building works in Berlin had their counterpart at Wetten 
in the Ruhr, where there were two English engineers and a moulder 
who had been trained by Maudslay, and in Berlin (Fig. 136). The 
German railways, although largely built by cheap American methods, 
bore the imprint of George Stephenson in the adoption of the 
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British standard gauge, which ^n’as not particularly well suited to 
German needs. In 1845 German railwa}'s employed three times 
as many foreign as German locomotives, and out of e\'ery three 
foreigners two were of English construction. Above all, the Germans 
were assiduous \Tsitors to British industrial installations. P. C. W. 
Beuth, first director of the Industrial Institute at Berlin, which later 
grew into the Charlottcnburg Technical High School, was the most 
immediately influential: he visited Maudslay’s on two separate oc¬ 
casions and was investigating the merits of the Stockton-Darlington 
railvs'ay almost as soon as it was open. From the point of \iew of the 



Fig. 136. Borsig locomoriw- ai»d nachinc-building works, Bcrlia 


future, however, a student of English steel production in 1838-9 
deserves special mention: this w'as Alfred Krupp, heir to a small 
ironworks in Essen. 

Like the ripples of a pool the industrial roolution spread out¬ 
wards into Belgium and France, into Germany, and then farther on. 
In 1840 one of the Cockcrills died at Warsaw after an unsuccessful 
attempt to arrange a big railway contract with the czar Nicholas I. 
By 1841 thirty-five steam-engines of a total of 434 h.p. had been 
made in Austria, and developments in textile manufacture and 
machine-building were under way in Bohemia, which remained 
throughout the centurj' the industrial heart of the sprawling Habs- 
burg empire. Before the end of the decade Cavour, after studying the 
England of Sir Robert Peel on the spot, preparing to transfer 
to the soil of north Italy the principles of free trade and expanding 
manufactures. But the Germany on which John Bowring reported 
in 1840 inevitably attracts special attention, because of the techno¬ 
logical achievements of a later Germany. He found Germany to be 
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already ahead of Britain In three respects—the arts of design and 
their application to various fabrics; a traditiona] skill in fine metal¬ 
work, such as the mating of cntkry: and a broad-based cducarional 
system which already affected industry. ^Chemical knowledge^, ran 
the report, *is farther advanced than with us*t Bunsen was just rising 
to fame, and it wns in 1S40 that Justus von Liebig, who had been a 
professor at Giessen since 1834, published his Die Organische Chemh 
in ihr£T Attuvndang auf Agricuhur tmd Phymhgh. 

Meanwhile, the United States, though seldom regarded with ade-^ 
quate respect by European observers, approached more nearly than 
the European powers to the position of a technological ri^ul to 
Britain. Betw een 1815 and 1850 the American population approxi¬ 
mately trebled; by the latter date it already exceeded the British, 
the final quinquennium being that in which the proportion of im¬ 
migrants to total population reached its all-dmc maximum. Already 
the opening-up of the country put America in certain respects ahead: 
there was, for instance, a tremendous interest in internal communica- 
tions> Thus, in the first decade of railw'ay building the American 
mileage far exceeded that of Europe, and it Ls calculated that in 
the later 1840’s the steamers on the w'estem rivers may have had a 
larger tonnage than those employed by the entire Bridsh empire* 
On the open-sea routes the American sailing-clipper was, under 
favourable conditions, faster than the steamer, and the over-all 
growth of shipping under the Stars and Stripes enabled President 
Polk in 1847 look forw'ard to the eclipse of the British mercantile 
marine. iVlajiufacturcs also spread in America, especially after iron- 
smeldng with anthracite instead of charcoal became established in 
1840; the use of coke followed the Gvil War. if the finer qualities of 
manufactured goods still came from Europe-^e ‘fineness’ can, 
however, be exaggerated, since \^ctorian Birmingham numbered 
among its mmor exports tomahaw'ks and even thumbscrews—that 
was because high-quality production commonly involved consignijig 
each process to the hands of experts w orking in a special unit, where¬ 
as the Americins still preferred to carrj' out every process simply 
and under a single roof, as part of the policy of economizing in labour 
necessary in a country where cheap land made labour dear* Con¬ 
versely, American inventors quickly became prominent in patenting 
the type of labour-saring derice that multiplied the efforts of one 
man working on his owm* This was apparent at the Great Exhibition 
of 1851 where the Americans, who were said to ‘produce for the 


10 WATERLOO TO THE GREAT EXHIBITION 2» 

masses^ attracted great attention with McCqrmick^s Labour-saving 
reaper (p. 672), the seiising-iiiachine (p. 575), and the Colt 
revolver (p. 356), 

The success of the Exhibition was perhaps as much a social as an 
economic phenomenon. With the help of railway trips, six million 
visitors attended from all parts of the United Kingdom and else¬ 
where, and the fact that such vast (and unexpectedly orderly) crowds 
were both able and willing to pay an entrance fee of never less than 
a shilling for a spectacle so edifying, suggested to many earnest 
minds that the masses in the first great industrialixed country of the 
modem world found some satis&ction in the fruits of their labours. 
The main reaction of William Morris, on the other hand, at the age 
of seventeen, was to be appalled by the general ugliness of the ex¬ 
hibits, As for their technical qualit>\ Britain succeeded in its una- 
vDwed aim of outclassing the wnrt of thirteen European countries, 
thirteen American countries, and the seven others participating, apart 
from colonies. If Britain's neighbours were meant to learn from her 
the profitableness of peace, the Exhibition was a failure, since it 
ushered in tw^o decades of war. If it was meant to mark a stage only 
in the self-confident rise of British industrial technology, itwus again 
a failure^ So far from British enterprise proceeding from strength to 
strength, only sLxteen years later the Paris Exhibition witnessed a 
general discomfiture of British technologists by the superior inven¬ 
tiveness of their rivals in other lands, and when the two decades of 
war in Europe and America w^ere over, technological development 
entered upon a new^ phase under new leaders. By the end of the 
century the Crystal Palace building, re-erected at Sydenham, sur¬ 
vived as a rather forlorn reminder of a past suprcmaC}^ 

THE PERIOD OF NATIONALIST WARS, lSsi-71 

In the 1850’s and i86o*s, however. Great Britain was more than 
cv'cr the workshop of the worlds Though detailed comparisons at the 
ExhibiHon showed the workshop to be les fertile in ideas than it had 
once been, the fact retnained that in an age of acute poUdcal contro¬ 
versy resulting in a series of great wars—fought successively on 
Russian, Italian, North American, Danish, Central European, and 
French, but not on British, soil—Britain could sell whatev er she chose 
to male. In twenty years (1855-75) of United Kingdom 

exports per head of a rapidly growing popuiatiou increased from 
to ^6. The trend towards world free trade, which reached its 
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cnaximum m these years, gave a samuJus to British exports that 
would not have been given if the world had not been so much in 
need of them, 

Britain's supremacy in cotton textiles remained unchallenged. The 
increasing use of iron and the steam-engine in shipping gave fresh 
scope to the iron’-foimders and machine-makers, who were already 
developing railways in many parts of the world. In addition, the 
invention of cheap steel — by the Bessemer process in 1856 and by 
the Siemens opcn-hcanh process ten years later (p, 484) — enabled 
Britain to forge and build in a new material, though the fact that a 
steel rail, for example, lasted up to ten times as long as an iron one, 
suggested an eventual limit to the demand. Since 1851 was the 
moment at which census returns showed Britain to be one-haJf 
urban and one-half rural, it might be supposed that the tremendous 
industrial efforts of the next two decades could have been achieved 
only at the expense of agriculture. The additional workers did in¬ 
deed come largely from agriculture, which reduced its manpower 
from a little under two millions to a little under a million and a half 
in this period. Yet the acreage under the plough and, still more 
significant, the acreage under w'heat, reached a new maximum at 
the end of the iSGo’s: an increased efficiency in agriculture therefore 
clearly matched the achievements in industry. 

In 1848 John Stuart Mill in his PTmeipUs sf Political Ecottoftty had 
raised the doubt whether the progress of invention had done any^ 
thing to diminish the toil of the worker. It may be true that the task 
of the iron puddler, of the early engine^river who had no root 
to his cab, and of the coal-miner—whose numbers during these 
two decades mounted from 200,000 to 3'^}O0O—-vras as exhausting 
physically as anything which the old rural economy demanded. But 
from the 1850’s onwards, with sustained employment and with 
wages tiring rather faster than prices, it became demonstrably true 
that the industrial worker in Britain was a gainer by the industrial 
revolution. He could afford to eat meat and w heaten liread produced 
by the improved agriculture; his clothing was of superior quality as 
compared with that of the homespun past; and a noteworthy use of 
the increased wages was a great increase in the cleanliness of hk 
person, clothes, and home. The death-rate, which had become more 
severe in the tow^ns after the Napoleonic wars, now^ began to fall, 
except among infanp. The cholera epidemics, of which the third and 
last severe one was in 1865-6, were conquered by the main drainage 
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which Itidustnal progress made possible, and there was no recur¬ 
rence of the London typhus epidemic of 1S38, which had first at¬ 
tracted serious attention to the plight of the urban poor. Since 
neither the Crimean War, nor the Indian Mutiny w hich immediately 
foUow'cd, had any great effect upon the fives of the civilian masses 
at home, it is safe to picture the mid-Victorian Englishman of all 
classes as dimly aware of advantages conferred upon him by a heri¬ 
tage of superior technology w hicb^ in the main, was not shared by 
other peoples. It w^as at ^is time that the Saturday half-holiday, 
known elsew'hcre as the ifmaiite angkis^t became a distinctive feature 
of life in the English factory districts. 

In France the Second Empire (1852-70) was a paradise for the 
industrial entrepreneur, since the government was sufficiently 
authoritarian to keep dowm the demands of labour, while relying for 
prestige upon spectacular e\ndcnccs of material progress; quick to 
complete the railway nctw'ork, it was enlightened enough to apply 
the incentive of public w'Orks as w'ell as the spur of tariff reductions. 
It was the age of Louis Pasteur and Pierre Martin (p. 484); the 
emperor himself had wtilten on artUlcr)', and took a keen personal 
interest in such projects os an experimental alununium industry 
(p. 494). The Paris Exhibitioii of 1S67, already mentioned, de 
Lcsseps^ construction of the Suex Canal, which was opened by the 
Empress Eugenie in the last autumn of the reign, and the quin¬ 
tupling of French steam-power in the course of the tw'o Napoleonic 
decades suggest that the fall of the regime may be attributable less to 
its inherent w^eakness than to the mounting strength of the hereditary 
enemy. 

In agriculture the Prussian Junker on the great eastern plains con¬ 
trolled a type of estate w'hich, as compared with the peasant holdings 
of France, lent itself readily to the adoption of modem techniques. 
Industry^ in Germany began to profit from the relatively early de¬ 
velopment of railw aj'S (Fig. 137A), from the commercial strength of 
the Zolhtrein^ and but by no means least, from Prussian am¬ 
bition embodied in Bismarck. By 1S60, thanks to the stimulus pro¬ 
vided by the railways, Germany was raising 50 per cent, more coal 
than France. As regards pig iron, on the other hand, the position at 
that time was rather more than reversed in France's favour; but the 
decade during which Prussia fought three wars in seven years— 
against Denmark, against Austria, and against France—also a 
decade in which Germany, under Prussian leadership, expanded her 
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iron industry until, on the eve of the Franco-Prussian war, it already 
exceeded that of her western neighbour and nS'al. When von Moltke 
mobilized his forces for war in 1870 he w-as dependent on a vast 
railway network (Fig. 137B)—of iron; Krupps’ iron and steelworks 
supplied the artillery (Fig. 138); and rail and gun together made 



Fio. 137 ^ Riilwty nctworic of 1850 , within Gemun frontiers of 1871 


possible the sustained application of force to which Paris was 
eventually surrendered. 

The American Gvil War of 1861-5, * conflict on an altogether 
larger scile than any of the five European wars of the period, Ha d 
also an importance in technological histor>' more nearly approaching 
that of the total i^-ars of our own century. In the decade before the 
war began, the development of the United States was in a sense 
extremely rapid. The length of the railwa>*s grew in that time from 
10,000 to 30,000 miles, which was more than twice the entire net¬ 
work of the United Kingdom; while labour-saving inventions, 
patented by the thousand, became a feature of the national life, re¬ 
marked upon by such a visitor as Sir Charles Lyell, the geolo^t. 
pen more striking are the words that Walt Whitman wrote in 1856: 
*Colossalfoundry,flamingfires.. .^-aste and extravagance of material] 
mighty castings; such is a symbol of America.* Yet until the great 
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quarrel had been fought out, making it certain that the future of the 
country would be entrusted to a single government based on the 
principles of freedom and the abolition of the ^peculiar institution* 
of slaver)', America remained in another sense economically back¬ 
ward. For one-half of the United States territory, lying betw een the 



Flo. ijjB. Riilway network of 1880 , within nine frontiers as Fig. 137A 


97th meridian and the Pacific coast settlements, contained only 1 per 
cent, of the population. In i860 it had not even been rcaUzed that 
cattle could w inter and find pasturage in such regions as northern 
Nebraska, let alone that the teeming millions of Europe required only 
the building of a trans-condnental railway to call them to conquer the 
empty wilderness for the plough. 

The influence of the war upon technology was many-sided. The 
armament industries of the North were developed with a rapidit)' 
and ingenuity (Fig. 139), that in great measure determined the issue 
since the Ginfederatcs were mainly dependent on such imported 
arms as could escape the Northern blockade—they made the first 
use in the field, for example, of Sir Joseph \Vliitworth*s quick-firing 
gun (p. 504). Although 800,000 immigrants reached American shores 
during war years, labour-5a>ing devices of all kinds received an 
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Fio. 138. Fifiy-lon gun exhibited by 
Knipps xt the Paris Elxhibition of 1867 


enormous impetus, because the unprecedented size of the armies 

engaged and the length of the 
conflia meant that the demand 
for food, uniform clothing, and 
munitions far exceeded what the 
reduced labour supply could 
make available with the existing 
industrial equipment. For ex¬ 
ample, the number of patents 
per annum, which already ex¬ 
ceeded 2,000, was more than 
doubled; the recently invented 
sewing-machine was successfully 
applied to leather; and the 
annual output of har\esting-machines rose in the four years from 
20,000 to 70,000. Thus, by the time the war ended, the manufactures 

of the North, with the inc\it- 
able exception of cotton, were 
mechanized to a far greater 
degree than before and ready to 
take full ad\’antage of the oppor¬ 
tunities created by post-war 
immigration. The cessation of 
the raw-cotton exports of the 
Southern States, on the other 
hand, was accompanied by a 40 
per cent, drop in the mercan¬ 
tile marine, most of the ships 
being sold abroad. While the 
crop rapidly regained its share 
of the world market, America’s 
position as a shipping nation 
was the one loss that was not made good after the M-ar, for the 
significant reason that during the next half-century American capital 
was fully absorbed in the business of internal development, which 
reached its first great post-war peak in the early x 870’s. 


Fio. 139. Fint ‘aircraft carrier*, employed 
for observation by Federal forces, 1861 


THE AGE OF MATERIALIS.M, 187I--1900 

Viewed in retrospect, the last thirty years of the nineteenth cen- 
tur>* have many of the characteristics of a golden age: except in the 
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Balkajis, Europe was free from war, and in the outer world the only 
considerable campaigns w ere those waged by Chile against Peru and 
Bolivia, the brief Sino-Japanese and Spanish-Amcrican conflicts, and 
Britain's war in South Africa. This situation was the more remarkable 
as almost the wholecondnent of Africa, considerable parts of Asia, and 
even the islands of the Pacific Ocean were being swiftly annexed to 
tbeempircs of rival European powers. That they did not fight among 
themselves over the spoil may be attributed to the consideration 
that, broadly speaking, there was enough for all comers. That w ars 
against resisting natives were of altogether minor importance is due 
chiefly to technological progress, as a single example may show. In 
the 4 -hour battle at Omdurman in Kitchener w'as fighting 
a brave and desperate enemy, who had twice his number of mciiK Yet 
he won the Sudan at a cost of 4S killed, whereas over u,ooo Derv^ish 
corpses were counted: he had at his dispos^ 44 pieces of field ar- 
tiller)', 20 Maxim machine-guns, and a flotilla of gun-bt^ firing 
a high explosive (lyddite) never seen m action before. But it w as also 
an age of peaceful penetration into regions that had hitherto been 
almost unoccupied. A fiirthcr million Europeans a year entered the 
United States, other millions went to Canady Australasia, and 
South America, and the 189(0*3 witnessed the beginning of a Russian 
expansion into central Asia and the Far East. 

This movement was in a sense the conquest of the world by a now' 
well-established technology. The first American transcontmen^ 
railway had been completed in 1869, the year of the opening 
Suez Canal. By 1900 the railways of the world had more than quad¬ 
rupled their length in a generation, so as to link up ever)' important 
hinterland (except the interior of China) with a multitude of ports 
ser\'ed by the steamships, to w'hich the Suez Canal gave an importtnt 
advantage over sailing-vesseE. The world consumption of coal had 
increased almost as fast as the railway mileage, while the subsptu- 
tion of steel for iron as the basic constructional material for engines, 
for ships, and finally for buildings, added greatly to the durabihtj' of 
the heavy industrial goods which man was producing m such greatly 
increased quanrities. But, to the reflective mind at least, the ^el 
of the oontemporarv' achievement was much enhanced aEo by the 
rEe of new' technologies: the great dev'clopmcnis in electricity and 
industrial chemistr)-, for example, and the pioneering of the internal 
combustion engine, which was to give man a new' ease of transport as 
well os transport in a new' element. 
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The age IS remarkable, too, for a profound shift in the economic 
balance and rebdooships among the powers, a shift which was so 
greatly to Britain*s disadvantage that it requires a distance of half 
a Century for it to be view^ed philosophically. The triumphant pro¬ 
gress of the United States of America, w'ith its huge natural resources, 
w^ inevitable. The successes of the Germans, w hJch were on a much 
smaller scale, were facilitated at least by the very fact that Britain had 
long been the W'Orkshop of tJie w^orld, and wus therefore burdened 
with highly esteemed equipment and techniques which were now 
growing obsolete. It is al^ possible now^ to accept that in Europe the 
technological leadership must rest eventually with the power which 
most nearly matched the American resources, namely E.uss]a. In 
1900 she produced half die oil of the world and had made a great 
impact upon the Europ^n w'heat market, but, except in the out¬ 
lying regions of Poland and Finbnd, her factory indusny was still 
in its infancy* For the other powers, however, the growth of the coal¬ 
mines expresses clearly the ^ange in their relative position. In 1S70 
Britain mined 50 per cent, more coal than the United States, Ger¬ 
many, and France together; in 1900 they mined 70 per cent* more 
than Britain. WTiile British output had doubled, the American had 
been multiplied by eight, the German by four, and even the French 
by two and a half. 

A natural reluctance to accept British dominance of the economy 
for longer than neccssaiy" provided one reason for the general return 
to a rfgimc of high tariffs, though continental rivalries, w'hich pro* 
moted not only an arms-race but a cult of agricultural and industrial 
self-sufficiency as a precaution against eventual war, also played a 
part. Among European powers Germany led the way in 1S79: but 
the others were not content merely to follow the poliqr of Bismarck, 
who established a careful babnee between the conflicting interests 
of industrialists and bnded proprietors. After a quarter of a centuty 
the average import duty' on British manufactures w’as 25 per cent, in 
Gerimny, but 27 in Italy, 3^ in France, 35 in AustHa-Hungarv, and 
13 z in Russia, The corresponding figure for America, w'hcrc the 
tariff began to rise at the dme of the Civ'il War, was then 73 per cent, i 
the transatlantic market for British wares was therefore very far 
from compensating for the havoc wrought among landlords and 
farmers by the cheap American wheat w hich, c%er since the 1870*5, 
had begun to flood in the opposite direction. In the new* century 
Joseph Chamberlain s Tariff Reform campaign based its programme 
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of retaliation upon the new sense of economic insecurity in Britain^ 
but the strident imperialism of the period betw'ccn C^een Victoria's 
two jubilees of 1SS7 and 1S97 had also been due in part to an in¬ 
creasing awareness that only by resolute polic}'' could the British 
hope to defend a position of coonomic advantage which had once 
seemed impregnable^ 

From about i860 onwards British capitalists had ceased to invest 
to any great eittent on the Continent. There was much scope for in¬ 
vestment in India during its reorganization after the Mutiny, and it 
might also be supposed that other imperial interests, which were 
fostered by Disiacli from 1874 onwards and which continued to 
grow right dow'n to the South African war of 1S99, w'ould prove 
a rewarding alternative. But the fact is that, after the efforts of thirtj' 
years, the proportion of British trade which was done with the 
Colonies had risen only from one-quarter to one-third, while of 
British imports less than one-quarter were of colonial origin. Thus, 
in a generation that saw the number of agricultural workers in Eng¬ 
land and Wales fall by one-third from its 1871 total of almost one 
million persons, emigration w as on the whole a more hopeful remedy 
than the prospect of absorption in industry'. Britain's share in the 
industrial output of the world was ccriainly declining at this time, 
and there is good reason to suppose that the annual rate of increase 
of the Bridsh industrial output declined as ’well. 

For France also this was a period of disappointment, but for quite 
different reasons* Her defeat at the hands of Germany meant not 
merely a blow to the national pride and a fostering of polidcal dis¬ 
unity, it meant the handicap of a war indemnity, w'hich w’as bravely 
and quickly overoomcj and a serious disorganization of industry 
through the loK of Alsace-Lorraine, Although many firms moved 
to Normandy, valuable textile and texrile machine-making industries 
were left behind in Alsace* There was also the loss of much of the 
minette ore, rich in iron but veiy' phosphoric, that lay on both 
sides of the new frontier in the Longwy' area; from 1879 onw'ards 
the Gilchrist-Thomas process (p. 484) enabled this ore to serve 
the expanding German steel industry. In addidon, the Germans 
developed important potash deposits (p. 554) in southern Alsace* 
Having a stationaiy' population, France also felt more severely than 
Germany the burden of military' conscription and armaments, 
which offered her the only alternative to a passive acceptance of the 
territorial losses. It was not until the days of the Moline tariff in the 
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iSgo^s thAt the hea\'y industry of France really recovered strength; 
her pre-eminence m a number of luxury trades^ howeverj kept her 
from technological stagnation. 

Meanwhile the Germans enjoyed an immense success, seeming to 
justily the l^th that Trcitschke placed m ‘the God who nude l^on^ 
In the single decade of the i88o^s the German output of pig iron was 
praoically doubled, while that of Britain remained almost stationary. 
At the close of that decade the United Kingdom sdll had a lead of 
more than 2 million tons in steel output: ten years later there was a 
lead of just under million tons~but it was a German lead. In 
the electrical industr)' Germany had no rival except America. She 
w as also in the forefront in the export of dyestufiB and fine chemicals, 
and though her exports of hca^'y chemicals were quite small in com¬ 
parison with those of Britain, by 1900 she w'as able to supply the 
chemicals for her own industries and to feed her soU on a gigantic 
scale. Hence the remarkable fact that in the last twenty years of the 
centuiyv w ithout relaxing her efforts in industry, Germany was able 
to place an additional 2 million acres under food crops, of xvhich 
10 per cent, w'as wheat. Among the roots of this striking tedinological 
progress were the close relations maintained betw een the universities 
and industry' and the large provision of technological education of all 
kinds, from the twenty-eight agricultural schools existing in 1900 
to Charlottenburg with its world-wide reputation. Soon after the 
end of the centur)' a British journalist was noticing with surprise 
that in Saxony one technical school was provided for every id ,000 
of population, and that the average chemical manufacturer had one 
chemist with university qualifications to every' forty workers. 

The tempo of American fife at this period may perhaps be illus¬ 
trated by the fact that the completion of the first transcontinental 
railway, which in 1869 ushered in the modem era, wus achieved by 
a bbour force of 20,000 men who laid tw'o miles of crack a day. That 
tempo, w'hich was related both to the pioneering ^irit and to the 
high cost of labour, helps to explain the swift advance of the Ameri¬ 
cans in technology'. Down to 1880 agriculture was still their main 
source of wealth, but it was an agriculture that depended upon 
efficient harvesting-machinery to overcome the shortness of the har¬ 
vest season in the Middle West, upon a new* type of metal w indmill 
to raise a water supply on the plains, and upon the new device of 
barbed-wire to control cattle. Twenty years later, industrial products 
w ere already twice those of agriculture in terms of prices and the 
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Amencam output of nmiufacturcs approximately three times the 
British; the value of goods exported had nearly trebled in a single 
decade. Moreover, the export of wheat was then reaching its climax 
with a yield per acre which was no more than half that obtained 
in Britain, Germany, or Holland. Although land-grant colleges, 
pledged to promote ^agriculture and the mechanic arts’, date from 
1S62 and the Massachusetts Institute of Technology from 1S65, the 
scientihe approach to problems of agricultural and industrial ex¬ 
ploitation was only just beginning: yet America had already seized 
the Idd by developing techniques which helped her to exploit 
prodigal natural resources with the mimmum of human labour. 

Throughout the w'orld the period 1873-96 had been one of decline 
in prices, which meant that, in countries like Britain, where there 
was in any case relatively little opportunity for new- large-scale de¬ 
velopment, the period was mainly one of trade depression. The situa¬ 
tion w as, of course, made worse by the agricultural collapse already 
referred to. Investment stagnated, and there were attempts to find 
remedy or amelioration in finandal changes {such as American 
bimetallism) and the organization of trusts and cartels, of which the 
Nobel dynamite trust of 1886 and the Coates sewing-cotton monopoly 
are early British examples. But the fall in prices outstripped the fall 
in wages, w'hile the increased regard shown by the state for the 
welfare of the worker—for example, in the insurance schemes in 
Bismarcklan Germany and in the long-overdue reforms of local 
government in Britain—also meant some improvements in health 
and amenities. Any prolonged spell of unemployment siill wrought 
havoc with the worker’s standard of living, and it is estimated that 
in Britain there were still about as many very poorly paid persons as 
there had been in the 1840's: but since the total population had 
doubled in the meantime, the proportion of very poor had in fact 
been halved. 

The average of real wages in Britain is believed to have risen by 
100 per cent, in the second half of the nineteenth century: if this 
estimate is even approximately correct, the technological disap¬ 
pointments of the later years pale into insignificance by compari¬ 
son w'lth the magnitude of the Victorian achievement. Britain had 
pioneered the technology and organized the accompanying social 
changes, which for the first time in human experience made the rank 
and file of men to some extent the masters rather than the slaves 
of their physical envitomnent, so that at Queen Victoria's death 
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37 miUion persons were living, most of them with some degree of 
comfort and leisure, on a small and not particularly fertile island. 
Others might better her example. In America, with its huge natural 
resources, the standard of life was already rather higher than in 
Britain; in most parts of the European continent lower, but not so 
far below as it had been in 1S70. The various technologies, of w^hich 
w e are now- to trace the separate histories, sdll offered great prizes 
to individuals and nations through the more efficient exploitation of 
nature made possible by the experience — including the mistates — of 
a century and a half of rapid change. 


THE STEAM-ENGINE 


INTRODUCTION 

A s we saw m Qiapter tiie industrial revolution was well under 
/\ way before the stearaH:ngin,e came into general use for driving 
machinery* Only tw'O prime-movers—the water-wheel and 
the windmill—w^erc widely available, and with very" few’ exceptions 
these yielded no more than lo h.p. and often less. The biggest water- 
wheel installation ever constructed was the ‘Machine of Marly’^ 
built for Louis XIV in 16B2 to supply the fountains at Versailles 
(p* 41). At its best it probably generated as much as 75 h.p., but its 
performance fell rapidly through neglect. In the kte eighteenth and 
in the nineteenth century' the efficiency of the w’ater-whcel was con¬ 
siderably improved by theoretical and practical studies made by 
John Smeaton, investigations which earned him the Copley Medal of 
the Royal Society, its highest award. He show'cd that the overshot 
wheel was theoretically capable of a much higher efficiency (63 per 
cent.) than the undershot {2z per cent,), and he defined the operating 
conditions most favourable for achiev ing good results* Smeaton did 
not test, although he often made, breast-w'hcels—in which the water 
strikes the wheel roughly half-way up—hut he showed that the same 
principle must apply to them as to undershot and overshot wheels. 

Smeaton himself designed many water-w'heels, none of which now 
survive because wood was the main constructional material used, 
hut a rido-mill constructed in 1776 at the confluence of the Lea 
and the Thames was sriU at work after 160 years. One of Smeaton^s 
undershot wheels, which was installed in an arch of London Bridge 
in 1768, was 32 ft in diameter, 15 ft wide, and had 24 floatsi in 1S17 
it w'as replaced by an iron wheel, an example of the general change 
towards iron for constructional purposes in the nineteenth century'* 
Smeaton himself experimented with the use of iron for certain parte 
of water-wheels, including the shaft and Later the rim, and in this 
was assisted by the circumstance that he was consulting engineer to 
the CaiTon Company's ironworks near Falkirk, Among the numerous 
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engineers influenced by his work was Joseph Gl^Tinj who construc¬ 
ted many large water-wheels in Britain in the nineteenth ccntur>\ 
Up to 1800 there were no stsm-engincs developing more than 
about 50 h.pt, and although the high-pressure engines built in the 
following decade by Trevithick in Britain and by Evans in the 
United States generated up to 100 h*p,, as late as 1835 the average 
power of steam-engines in Britain was only about 15 h.p- A giant 
of 2,500 h.p. was exhibited in America in 1876; by the end of the 
century, howeverj io,ooo-h.p. engines were in use for the new electric 
power-stations fp. 616). The growth of industrial use of steam- 
power is reflected in the consumption of coal. Indeed, coal and steam 
were intimately related, for one of the most important early uss for 
ihestc^-^ngine wasto pump water from mines, while later, the haul¬ 
ing of coal was one of the main tasks of the steam-locomotive. In 
1700, tw'o years before Saverj'^s ‘M inerts Friend^ wtis first advertised 
for sale, some 3 million tons of coal was mined in Britain annually. 
By I Soo output had risen to about 10 million tons, but by 1850 it was 
60 million tons, the increase being mainly due to the demands of 
steam-engines. Thus, although the water-wheel and windmill re¬ 
mained important well into the nineteenth centur)', that century 
can fairly be described as the Age of Steam. As early as 1824 the 
French pioneer in thennodjTiamlcs, Sadi Carnot, summarized the 
position in Britain in the following wordsi "To rob Britain of her 
steam-engines w^ould be to rob her of her coal and iron, to deprive 
her of her sources of w ealth, to ruin her prosperity', to annihilate that 
colossal powTr** Even more striking were the words which Hus- 
kisson uttered the same year: "If the steam-engine be the most 
powerful instrument in the hands of man to alter the face of the 
physical w'orld, it operates at the same time as a powerful moral lever 
in forwarding the great cause of civilization.* 


PIONEERS OF THE STEAM-ENGINE 
The early history of the steam-engine rc<]uircs some preliminary 
discussion of the principles on which it is based, and, in particular, 
of the development of ideas concerning the pressure of the atmosphere* 
Until as late as the eighteenth century', ideas about the nature of 
gases w ere far from clear, even among natural philosophers, and they 
were looked upon as mysterious, intangible substances. Greek philo¬ 
sophers as early as the sixth century B;C had postulated Air as being 
one of four "elements’ of which they supposed all material bodies to 
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composc<J, the others being Fire, Earth, and Water. Fire, according 
to Anaximenes, was a rarefied form of Air, and when condensed 
formed first Water, and then Earth. Such Air w'as not, however, 
necessarily the same as the air of which the atmosphere is formed, 
but rather an idealized philosophical conception of it. The corporeal 
nature of ordinar}^ air must surely have been understood even by 
primitive people, however, for they could witness its destructive 
force in gales, and sailors had visible evidence of it w hen the wind 
literally filled the sails of their ships. Anaxagoras and Empedocles 
gave more direct experimental evidence of this by showing that 
water can enter a vessel only when air escapes from it, and dcmoU" 
strated that air is distinct Irom both a vacuum and a vapour, such as 
steam, the latter being readily condensed to re-form the liquid from 
which it is derived. Heron of Alexandria s Sphere of Aeolus , in 
which a jet of steam impinging upon a wheel made it rotate, ^ve 
further practical demonstration of the tangible eflects that could c 

produced by vapour* v i, ' i 

But even in the seventeenth century a.d. ideas about the physical 
nature of ihc atmosphere w ere qualitative rather than quantitative 
That water or other liquids rush into a vacuous space was attributed 
to the fact that ‘nature abhors a vacuum\ Although mining en¬ 
gineers were aware that a suction-pump could not draw water above 
about 30 ft, there wns no explanation of why there should be ^is 
limiti it was, indeed, the urgent problem of mine-drainage that 
finally led to an understanding of the true nature of atmospheric 
pressure, and this, in turn, inspired the cajliest stam^ngines. 

^V^len the engineers of Cosimo de’ Medici If failed m an attempt 
—foredoomed to failure—to build a suction-pump capable of hj^ng 
water from a depth of 50 ft, the problem w-as referred to Galileo, 
and finally solved by his brilliant pupil, Torricelli. In 1644 Torricelli 
announced that the pressure of the atmosphere was equal to that of 
a column of mercury about 30 inches in height: riiia corresponds (0 a 
column of vrater rather mer 30 ft in height. He predicted that the 
pressure of the atmosphere rs-ould fall with increasing altitude, a 
truth which was confirmed experimentally in 1647* when a baro¬ 
meter was carried to the top of a 4,800-ft mountain m the Auver^e, 
the height of the mercurv^ in it fell by 3 in. dunng the ascent* In 1654 
von GueHcke, in the famous experiment at Magdeburg, gave a 
spectacular demonstration of the immense force that the atmosphere 
could exert (Fig. 140). He showed that when two close-fitting 
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hemUphcres, about zo inches in diameter, were placed together to 
form a sphere and the space wthin was cv'acuated, two teams of eight 
pow erfiil horses could not puli them apart. In fact, as the atmosphere 
exerts a pressure of about 14 lb a sq.. in* we know that a force of 
scleral tons would have been required. In another experiment, more 
immediately related to the history of the steam-engine, he showed 
that, when a partial \'acuum was created below' a large piston work¬ 
ing in a cj'linder, the combined force of fifty men could not pres ent 
atmospheric pressure driving the piston into the cy'linder. 



Fid. 140. Von Gucricltc'i denuiutratipii to thait sizing hortes eauld not pull 
ajurt rilc two halves tyf an evacuated 1654 


Such experiments suggested that if some simple means could be 
found of repeatedly creating a v'acuum, atmospheric pressure could 
be used as a useful source of power* First thoughts on the subject 
w'cre, how'e\'er, by no means aU directed to steam as a means of 
creating the vacuum. Although this was later recognized as the 
most practical solution, the first steam-engines were often quite 
properly called atmospheric engines, for it wws the pressure of the 
atmosphere that provided the driving force. Some early invcniois 
turned their attention to the possibility of using gunpowder* In 
1680 Huygens, the versatile Dutch scientist, suggested an engine 
in which gunpowder wta exploded in a cylinder closed by a piston* 
^\^len the gunpowder was fired, most of the hot gases into which 
it was converted, together with some of the air originally present, 
which expanded on heating, were to be expelled through relief 
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valves. On cooling, the valves would close, and a partial vacuum 
would be created ivithin the cylinder; when cold, the gas would 
occupy a much smaller volume than when hot, in consequence 
the pressure of the atmosphere w ould drive the piston mto the cylin¬ 
der. Such an arrangement had two fundamental disadvantages, how¬ 
ever. The first was that the residue of gas w ithin the cy linder would 
be considerable, so that only a partial vacuum could be achieved; 
the second was that recharging with gunpowder, essential for ron- 
dnuous action, would be both difficult and dangerous. For these 
reasons Huygenses assistant, Denis Papin, turned bs attention to 
steam. In 1690 he put forward this idp in the following historic 
words, w hich are an admirable description of the mode of action of 
the earliest steam-engines: 

Since i[ is a property of water that a small iiuantity of it turned into 
vapour bv heat has an clastic force like that of air, but upon cold super¬ 
vening is again resolved into water, so that no trace of the said eUslic 
force remains, I concluded that machines could be constructed wherein 
w^ter, by the help of no verj' intense heat, and at link cost , could produce 
that perfect vacuum which could by no means be obtained by gunpowder. 

Although tlie quantitative relationship was not known to Papm, 
one volume of water in fact yields 1,300 volumes of steam at i^ 
boiling-point, so that a very high vacuum could ^tcntiady be 
achieved by completely converting the steam back mto water by 

condensation. _ ^ , 

Papin put his ideas into practical effect m an engine that consisted 

of a vertical tube about 2 \ inches in diameter, closed at the lower end, 
and fitted with a piston and rod (Fig. 141). A little water was put mto 
the bottom of the tube, the piston was inserted, and the water was 
boiled by heating the lower part of the tube. The steam generated 
raised the piston, w hich at the top of its stroke was held by a catch. 
The apparatus was then allow ed to cool, so that the steam condensed 
to form water again, creating a vacuum beneath ^e piston; when the 
catch was released, the piston was driven back mto the q^lind^ by 
the pressure of the atmosphere. This derice was of no practi^l im¬ 
portance, but it established the vitally important pnuciple ^at 
steam could be used to move a piston up and dowm in a qdmder. 
This principle was soon turned to practical account by bavery, 
Newcomen, and Smeaton, whose work we must now consider. 

Of Thomas Saverv, who made the first useful steam-en^ne, we 
know disappointingly little-it is even uncertain whether his title 
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of ^CaptAin^ denotes the irulitai}' engineer^ 3 status acquired in the 
Cornish tm-nunes^ or a career at sea. He certainly had some influence 
at court, ^as a prolific inventor* and wote a number of pamphlets* 
including one with the significant tide* The Miner's friend^ descrip- 
dve of his ^engine to raise water by fire’: hence the use of the name 
‘fi^e-engine^ His machine (Fig. 142) was demonstrated to William III 
at Hampton Court in the summer of 169^* in 
which year he took out his master ptent* and 
to the Royal Society a year later. It was encr- 
gcdcally advertised from his workshop in 
Salisbury Court* off Fleet Street* and was 
used in the first few' years of the eighteenth 
centuT)' to pump water for large buildings and 
water-wheels* Its maximum lift* howc\'er* was 
inadequate for the needs of mine drainage* 

In Savery's steam-pump* steam from a 
boiler resembling an old-fashioned kitchen 
copper was conduacd through a pipe^ fitted 
W'ith a valve, into an oval vessel full of water* 
expelling the water upwards through a second 
pipe. When the oval vessel was fuB of steam* 
the steam was condensed by pouring cold 
water on the outside. This created a partial 
vacuum* so that w'hen the vessel was con¬ 
nected, through another pipe* with water at a 
lower level* atmospheric pressure forced this 
water upwards into the oval vessel. There 
were two vessels, filled and emptied altern¬ 
ately* the whole cjxle of operarions being controlled by suitably 
located valves. 



FlO. 14J. Denk Pipings 
■cmospfacric steam- 
cngitie* 161901 


In an attempt to increase the height to w-hich his engine would 
pump water, ^very used high-pressure steam* but this presented 
constructional problems which C 50 uld not at that time be satis¬ 
factorily solved. Nearly a century was to pass before high-pressure 
steam-engines came into common use. To understand the working 
of high-pressure engines something more must be said of the rcla- 
doDship between steam and water. When water is heated, the pres¬ 
sure of its vapour rises and it boils when the vapour pressure equals 
the external pressure: in a vessel open to the atmosphere at sea-Icvcl 
boiling takes place at too' C If the pressure above the water is re- 
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duccd it will boil at a lower temperature: a practical consequence of 
this is that an egg cannot sadsfartorily be boiled at high altitudes, 
since the water docs not get hot enough to coagulate the white. 
Conversely, if the pressure above the water is increased, for example 
by restricting the escape of the 
vapour by means of a loaded 
valve, boiling takes pbee at a 
higher temperature. This is the 
principle of the familiar pres¬ 
sure-cooker, invented by Papin; 
the same principle is used in the 
sterilization of surgical instru¬ 
ments, where a controlled tem¬ 
perature rather above lOO® C. is 
required. Great pressure can be 
generated by superheating water 
in this way. Thus at 200® C. the 
pressure of steam is fifteen times 
greater than at 100® C Steam 
generated at 100® C. has, as we 
have noted, a pressure equal to 
that of atmosphere at sea-level 
and therefore can raise water to 
a maximum height of only 30 ft. 

Generated at 200® C., however, 
it could potentially raise water 
to a height fifteen times greater, 
that is to 450 ft. It was for this 
reason that Savery tried to use steam at about 8 to 10 atmospheres 
pressure in his engine, this giving a potential lift of about 300 ft. 

It would be tempting to suppose that Thomas Newcomen, iron¬ 
monger and smith of Dartford, a contemporary of ^very and a 
fellow Dev’onian, based his engine, which was at w'ork in 1712, upon 
the w'ork which Savery had done a decade or so before. The^available 
evidence, how'cvcr, indicates that Newcomen made his invention 
quite independently of Savery, and that the reason why he eventually 
entered into an association with him was because &very s patent 
was drawn in such wide terms as to block the way to the use of 
almost any new' invention in this field. Newcomen in fact adopted 
the c)*linder and piston proposed by Papin, of whose w’ork he may 
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possi bly have had knowledge^ 'w hereas this feature v^-as absent from the 
*^iincr"s Friend*. Unlike Savery^ Newcomen did not attempt to make 
use of high-pressure steam^ and his employment of atmospheric 
pressure made his engine far easier to construct. Newcomen’s suc¬ 
cess may be attributed to many factors, among them his direct ex¬ 
perience of the drainage problem in Cornish tin-irunes; the skill of 
his assistant Galley, a plumber; and his constnicdoml methods 
which, although very dumsy, were well within the limits of crafts¬ 
manship of his time. 

New'Comen’s boiler produced steam at atmospheric pressure. 
\^1]en this w^as introduced to the bottom of the cylinder, it was 
mainly the w^eight of the pump-rod, hanging from the other end of 
the beam, that caused the piston to rise. TOen the cylinder was full 
of steam and dosed by a valve at the bottom, a jet of cold water to 
condense the steam was introduced into the cylinder through an in- 
jeetion-cock—a device that J, T. Desaguliers had used to improve 
Savery’s engine—with the result that the piston was forced down 
again by atmospheric pressure. As the piston-rod drew down one end 
of the beam, the other end rose, carrying with it the pump-rod, 
which sucked up water. To maintain the cycle of operations, the 
steam-^alvc and the injection-cock were opened and dosed auto- 
madcally by the movement of the rod of the injecdon-pump, w hich 
was attached to the beam. It is e\Idencc alike of Newcomen’s in¬ 
genuity and of the impossibility at tills date of securing accurate 
workmanship for machinery of such size, that his method of sealing 
the piston was to cover it with a flexible leather disk which was kept 
airtight by covering it with a layer of water. 

Such was the engine which Neweomen, in associadon with Savery, 
erected for the colliery at Dudley Castle, Worcestershire, in 1712 
(Fig, 143). The beam made twdve strokes a minute, in each of 
which it lifted 10 gallons of water 153 ft through tiers of pumps, 
which is equivalent to about 5^ h.p., as compared with the i h,p. of 
the original ^Miner’s Friend’. Efficiency W'as limited, how^ever, by the 
lact that in the early eighteenth ceutury it was not possible to bore 
accurate cylinders, such as were needed for the barrels of cannon 
and pumps, greater than 7 inches in diameter. New^oomen, engines 
required much larger dimensions than this: thus the cylindw of an 
engine crecied at Edmonston, Midlothian, in 1725 had a diameter of 
29 in. and a stroke of 9 ft, and one in use at Ncw'castlc in 1765 had a 
diameter of 74 in. and a length of 126 in. Nevertheless, the invention 
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Spread to eight countries in the four years, and before the death 
of its inventor in 1729 it was in use in Hungary, France, Belgium, 
Germany, Austria, and Sweden. In a further quarter-century it 
had reached even to the American colonies, the fij^t being sent out 
with spare parts in duplicate, and some even in triplicate, to scr^'e in 



Fw. 143. Ncwcorooi’s steun-enginc at Dudley Castk, 1711 


a copper-mine at Newark, New Jersey* Its main impact, howe^^cr, 
was in Britain, where at least tw'o a year are Itno^ivn to have been 
built for tw o-thirds of a century. It met the pressing needs of New- 
comen^s neighbours in the Cornish tin industry; revived the fortunes 
of the deep coal-mines m the north of England, which had been 
seriously impaired by flooding; pumped water-supplies for towns; 
and fed water-wheels in the flat areas of the industrial Midlands. 

In 1767 Smeaton began a scientific study of the *duty'* of a stea m- 
engine, calculated in terms of the quantity of water which it could 
raise r ft for each bushel of coal burned. This made it possible to 
compare the efficiency of one engine with another and to measure the 
effects of modifications. He found that the average duty was then 
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3:bout 6 nullbn ft-lb, acid with the help of a special cyliitdef-boring 
min, built at the Carron ironworks, he proceeded to dcvij>c a number 
of far more efheient engines with verj- large cylinders. By 1774 he 
had succeeded in doubling the dut>’, and one of his large engines 
w as sent as far afield as Kronstadt in Russia, w here it served to empty 
the docks at Cathcririe the Creates naval base. But even then the 
*Jire-engine’ did useful w'ork equivalent to only i per cent, of the heat 
generated by its fuel, a level that wiis tolerable chiefly because the 
main users were the proprietors of coal-mines w ho ran their engines 
on unsaleable low^-gradc coal. But its reliability may perhaps be 
judged from the last survivor, at Parkgate in Yorl^hire, which 
was dismantled in 1934 after running for more than a century 
without a serious breakdown. 

The up-andnlowii movement of the Newcomen engine was very' 
suitable for working pumps. If rotary' movement was required—-for 
example, to hoist material from mines — ^it could be used to pump 
water to a reservoir supplying a water-whccL The latter gave a uni¬ 
form motion, such as was required for cotton-spinning machinery'. 


WATT AND TREVITHICK 

At the age of twenty-one James Watt brought the craft of mathe¬ 
matical instrument-making, which he had left his native Greenock 
to leam in London, to the serv'ioe of Glasgow' University, for ap- 
prentioeship reguladons forbade him to set up shop elsewhere in the 
city. The natural consequence was to give him an interest in both 
theory and practice, which qualified him to make the historic transi¬ 
tion from the atmospheric engine to the steam-engine. The unsatis¬ 
factory performance of a model New'comen engine, which the 
university had pre\ iously sent w'ithout any success to a London in¬ 
strument-maker for repair, gave Watt his starting-point. He quickly 
realized that the main reason for the unsatisfactory running of the 
engine was the cooling of the cj'lindcr, in order to condense the 
steam, between each stroke! if the cy'hnder could be kept hot con- 
dnuously, a great improvement could be expected. Despite this, 
months of pondering preceded his historic Sunday w'alk on Glasgow 
Green, w hen the idea tame to him, as he told in later life, ‘that, as 
steam w'as an elasdc body, it would rush into a vacuum, and if a 
communication was made between the Cylinder and the exhausted 
vessel, it would rush Into it and might be there condensed, without 
cooling the Cyhnder*. 


u WATT AND TREVlTHiCK 3a* 

It TA’as in May [765 that Watt fomiukted the idea of a separate 
condenser^ and the patent for this Method of Lessening the 
Consumption of Steam and Fuel in Fire Engines dates from 
January 1769. Yet it was not until 1776—the year of the American 
Ehrclaration of Independence and of the publication of Adam Smith s 
Weahk of A/tf/iJJffJ—that Watt's first two engines were actually set to 
work* An engine built in the following year is shown in Fig. 144. The 



Fia. 144. Eirly Boultnn A Witt ptimp'ut^ cngjiit; built ift 1777^ iMs cd^ b ttuiwo to 
htve wotTked far over (3; yem 

length of the delay does not mdicate the absence of demand. Most of 
the Newcomen engines then in use were as inefficient as their proto-- 
type had been two generations earlier: the Cormsh tin-mmes would 
not have been able to afford them at all but for ^e remission of a 
duty on coal. Moreover^ the rapidly expanding iron industry was 
only one of many in which late eighteenth-century^ conditions were 
obviously favourable to the introduction of a new^ prime-mover if a 
suitable one could be found. But Watt had to contend with enormous 
difficulties as regards the supply of stilled labour, the material and 
tools to execute his designs, and the financial support necessaiy to 
mate his invention a commercial success. 
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On the confitructional side the greatest difficulty, aLrcady alluded 
to, Vh-as in boring a really accurate cj'iinder, so that there would be 
no escape of steam bctw'ecn its and the piston. Newcomen^s 
device of sealing the piston with cold water did not suit Watt's pur¬ 
pose, which lAns to keep the cylinder as hot as possible^ The extent 
of the constructional didiculty is indicated by the fact that Smeaton, 
as experienced and progressive as any engineer of his day, gave his 
considered opinion that ^neither tools nor workmen existed that 
could manufacture so complex a machine 'v^ith sufficient precision\ 
MilLvrrights were at that time the only class of workmen approximat¬ 
ing to skilled engineers, and engine-buHdlng had to be undertaken 
by the combined efforts of blacksmiths, whcelwTights, and car¬ 
penters, WTien the time came to build Watt's engines, they were 
normally constructed of local materials with local labour; Watt sup¬ 
plied merely the drawings, an erector for the job, and special parts 
like valves. A decisive advance was John Wilkinson's invention of a 
new type of bQring->mill in 1774 (p. designed for cannon but 
capable with modifications of boring cylinders to fine limits for any 
purpose. One of Watt's first two engines, referred to above, was 
designed to supply air to one of Wilkinson's blast-furnaces; he in 
return made the cylinders for many of the early Watt engines. 

So far as the financial problems of exploiting W'a tt's invention are 
concerned, the failure of Watt's first partner, John Roebuck of the 
Carron ironworks, himself a very enterprising inventor, reminds us of 
the uncertainty attending all business enterprise In that age which 
fluctuated qui^ly between peace and war. Money troubles led Wart 
to take up for a time the safer career of civil engineer. This brought 
him to London, w^here Irietids gave him an introduction to Matthew 
Boukon, a leading manufacturer with works at Soho, near Birming¬ 
ham. The classic partnership of Boulton and Watt which follow ed, 
bringing the skill and prestige of the Soho w'orks to the service of the 
new^ invention, perhaps gained by the delay, WTien Watt brought his 
experimental engine £0 Birmingham in 1774, his patent had only 
eight more years tO' run, w hich Boulton resized was too short for 
profitable manufacture. Accordingly, Watt petitioned Parliament for 
an extension, w'hich was granted in 1775; this gave him protection 
until 1800, so the immensely important parmership of Boulton and 
Watt spanned the Last quarter of the eighteenth century. 

The firm constructed 496 engines in all, of which 164 supple¬ 
mented the work of the Newcomen engines as pumps, 24 served 
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blast-furtiac^} and the reiminjiig functioned directly as prime- 
movers for mactunery, although it was not until 1795 that Lanca¬ 
shire wdth its factories began to take a Larger share of the output than 
Staffordshire. This last application involved dedgning a device to 
obtain uniform rotary motionthis will be described later* 

'^rhe separate condenser was the most important novel feature of 
Wattes enginej but as he introduced various other improvements it 
will be most sadsfactor}' to describe here the machine in its more 
fully developed form, as used from about 17SS. First and foremost, 
the cj Under w asstcam-jacketed to keep it hot, and there was a separate 
condenser, evacuated by an air-pump* As the piston reached the top 
of its stroke, the exhaust-valve opened and simultaneously steam 
was admitted through an inlet valve into the space above the piston; 
steam pressure and atmospheric pressure oimbined then drove the 
piston downwards. At the bottom of the stroke, both inlet- and 
exhaust-valves closed and an equilibrium valve opened \ this equalized 
the pressure on the two sides of the piston, which was then pulled 
up again to the top of its stroke by the weight of tbe pump-rod. 
The device of making the engine doublo-acdng, and thus roughly 
twice as powerful, by admitting steam alternately to each side of the 
piston, led Watt in lySz to the invention of what he regarded as his 
most elegant device, the ^parallel modon^ mechanism. Tbe prob¬ 
lem to be solved was that of transferring the thrust of the piston-rod, 
on its upward stroke, to the end of the beam: for this purpose the 
chain, which dragged the beam down in the single-acting engine, was 
useless, since a rigid connexion was essential, while direct con¬ 
nexion was impossible because whereas the piston-rod tmveUed in 
a straight Hnc the end of the beam described an arc. The parallel 
motion device, used for more than a centur)', entirely overcame this 
difficulty. Wattes second major improvement was to use the steam 
expansively, cutting off the supply early in the stroke and leaving the 
rest of the work to be done by its expansion* 

These and other improvements, such as a governor to regulate 
the inflow of steam and so keep the engine running at a steady speed, 
trebled the duty of pumping-engines compared with those of 
Smeaton. But it was as a rotadve engine that Watt*s invention slowly 
conquered the field of industry in general. Debarred from using a 
crank by a patent taken out by a riv'al. Watt developed the sun-and- 
planet gear, so called because the planet-wheel, w^bicb was rigidly 
attached to the connecting rod, moved round the perimeter of the 
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sun-whcci^ which was keyed to the shaft. A ici-h.p* engine of this 
type was built by Boulton & Watt for varying uses from 1784 
onw^ards. 

One of the great advantages of the beam-engine was that its con¬ 
struction and assembly presented little difficulty. There were very 
few^ plane surfaces^ which until the invenrion of the planing 
machine in 1820 had to be laboriously worked by hand, and the 
engine would function satisfactorily even if there were considerable 
misalignment in assembly. Compared with these, the disadvantages 
of its size and dumsincss were then relatively unimportant. 
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Nevertheless, the expiry of Watt’s condenser patent in tSoo, when 
he retired from business, opened the way to development by others, 
especLally through the use of high-^prcsure steam, which Watt had 
considered both too dangerous and too difficult, although Jacob 
Lcupold of Leipzig had published a description of a hlgh-^pressure 
engine as early as 1725. It is significant that a Debware wheel¬ 
wright, Oliver Evans, introduced the idea in the New World—where 
even as lace as tSoj there were no more than half a dozen steam- 
engines—simultaneously with the better-known English experi¬ 
ments. By 1804 Evans was grinding plaster of Paris and sawing 
marble at FhLLaddphIa with a very small engine—the stroke was 
only S in.—that worked at a steam-pressure of 50 Ib a sq. in. Two 
years earlier the Cornish mine-engineer Richard Trevithick had had 
built at Coalbrookdale a pumping-engine of small size hut great 
pow er, with a cast-iron boiler i | 4 n. thick, developing a steam pres¬ 
sure of 14s Ih a sq. in., i.e. ten times the pressure of the atmosphere 
(Fig. 143). A remarkable feature of this w as that in spite of its power 
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the c>1indcr wus only 7 inches in diameter with a stroke of 3 ft. 
In 1800 he had built a double-acdnj high-pressure engine for wind¬ 
ing dudes in Cornwall, and he had also built a steam road-carriage 
that would carry several people. 

A Trevithick high-pressure 
stationary engine of 1802 is seen 
in Fig, 146. In 1804 he built the 
first successful railway locomo¬ 
tive, which will be described 
later. His interest in steam loco¬ 
motion did not, bowser, inter¬ 
fere with his development of 
stationary engines, of which he 
had built nearly fifty by 1804. 

Very soon his ‘Cornish’ engine 
had no rival and it continued in 
use until the end of the centur)', 
not only for pumping hut fora 
variety of industrial purposes, 
including iron-rolling, corn- 
grinding, and sugar-milling. An 
important fiictor in its develop^ 
ment w'as that, from iSii on- 
w^ards, the Cornish mine-owners 
published regular reports of the 
performances of their engines, 
to promote efficiency. By 1844 
the average duty was 68 mil¬ 
lion ft-lb a bushel of cmJ, com¬ 
pared with 6 million ft-lb for a 

Newcomen engine in 1767^ ^ ^ 

Another line of development was the ‘compounding of engines— 
though this term for the addition of a high-presurc cylinder to the 
original Watt engine was not used until well into the nineteenth 
century. A compound engine of only 115 h.p., which Jonathan 
Homblower built at a Radstock colliery in 1780, was declared an 
infringement of Watt’s patent. After its expiry' a more ambitious 
attempt was made in 1803 by Arthur Woolf, working for a London 
brewery, but owing to a miscalculation his first high-pressure 
cylinderjproved to be too small in propKjrtion to the low-pressure 
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cylinder^ He was more successful wKen he returned to O^mwall, 
where he had had previous experienccj though his compound engine 
was too expensive there and he made none after 1824. This type of 
engine was developed chiefly on the Continent—notably by Hum^ 
phrey Edwards, a former partner of Woolf—where the reladvely 
high cost of coal encomag^ its use: on a beam^ngine with two 
cylinders w^orking side by side, the saving in fuel was of the order 
of so per cent. It was not until 1845 that McNaught, of Bury in 
Lancashire, found a really satisfactory method of compounding the 
Watt engine: he put a short-snroke high-pressure cylinder half-way 
between the centre of the beam and the connecting-rod, using a 
pressure of iao-150 lb. a sq. in. Many existing W'att engines were 
so compounded, and it soon became the standard form of construc¬ 
tion for new engines. 

Until McNaught^s invention, Wattes beam-engine, using steam 
at little more than atmospheric pressure, was the one most likely to 
be found in large mills and factories, while the high-pressure Cornish 
engine wiis unrivalled in mines and water-works. In smaller estab¬ 
lishments, w here space was important, resort was had to the ^grass^ 
hopper* engine, first patented in 1803 William Freemande and 
so-called from the appearance of the link used in it to eUminate the 
huge rocking beam. In the United States, Evans used the same 
principle. Direct-action engines were developed at about the same 
dme, the most important being Maudslay^s table en^nc, patented 
in 1S07. This was an extremely compact machine, mounted on a 
small cast-iron platform. The piston-rod carried a cross-head, from 
the ends of which a pair of conneedng-rods drove a crank-shaft 
under the platform. The cylinder, however, was placed vertically, 
in the mistaken belief that this would prevent uneven wear from the 
weight of the piston: the more convenient horizontal engine did not 
come into general use before 1825, when it was introduced by Taylor 
and Martineau in London. 

THE STE.4M-ENGINE APPLIED TO TRANSPORT 

In the opening years of the nineteenth century the growth in the 
use of the stationary steam-engine, which was steady rather than 
spectacular, was accompanied by the first successful applications of 
steam-pow er to the development of modem forms of transportation. 
Mankind’s first great step in the conquest of distance since the 
development of the sail required a new prime-mover that would 
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be self-contained, reliable, and powerful—m a word, the steara- 

The bulk and w eight of early steam-engines led to the first appli¬ 
cation of steam to transport being made in ships, though even here 
practical difficulties taxed the ingenuitj^ of designers. In stationarj^ 
engines used for pumping and similar applications the disadvanta^ 
of meat size, w-eight, and heav>^ ffiel consumption were more than 
counterbakneed by ease and cheapness of construction, crecoou, and 
maintenance. In ships, however, the disadvantages were far more 
serious. To transport an enormous deadweight of machinery and fuel 
w as clearly uneconomic. Moreover, not only the total vreight but the 
distribution had to be considered, because in ships a low centre of 
cravitv' is necessary' for stabilltv^: the massive beam of early stcam- 
cneines was placed high up, so a modification of design was required 
that placed the beam lower. The question of fuel supply was rela¬ 
tively unimportant as long as steamships were thought of only in 
connexion with rivers, lakes, canals, and coa^l enps, because fre¬ 
quent refuelling presented no great problem. The situation radicali^y 
changed, however, when ocean-going ships began to be considered. 
the unhappy history of the Great Easteni Is a reminder that half-way 
through the nineteenth century^ the problems of fuel supply ^d not 
been ^tlsfactorily solved, for the failure of this remarkable ship was 
due primarily to a serious underestimate of her coal consumption. 
For naval vessels the problem was even greater, because from the 
nature of their duties they had to be ready to go at short notice into 
regions where cooling facilides were limned or non-existent. 

Such considerations had a powerful influence on the design of 
marine steam^ngines. The need was for more compact more 
efficient, and more reliable engines: smaller engine-rooms and bun¬ 
kers meant more capacity^ for cargo and passengers. Boiler design 
came in for close scrutiny, for wasteful use of fuel was as serious a 5 

inefficient use of steam. „ 

The pioneers of steamships w ere the French, who tried an engine 

with an 8-in. cy Under in a boat on the Seine in 1775, but the power 
was insufficient. In 1783 the Marquis Jouffroy d Abbans, after 
several earlier attempts, successfully ascended a reach of the nv^er 
Saone near Lyons in a 182-ton paddle-wheel steamer, the PyroKaphe. 
In 17S7 one of several American expenments m steam propukiou 
employed a pump to draw in water at the bows of a boat and to drive 
it out at the stern, an earlv example of jet-propuIsion. In the next 
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year, in Britain, an atmospheric steam-engine, constructed by William 
Symington, was used to propel a small boat on a lake near Dumfries; 
by chance, the party on board for a trip that proved to be of some sig¬ 
nificance in Scottish national histor>’ included the poet Bums. In 
i8oi Symington, at the instance of the Secretary^ of State for W'ar — 
an interesting hint of the direction in which thoughts about steam- 
propulsion were then turning — constructed an engine that had a 
horimntal double-acting cy'lindcr 22 inches in diameter, with a con¬ 
necting-rod that drove the crankshaft of the paddle-wheel. Its use 
in the tug-boat Charlotte Dundas on the Forth and Qyi^de canal was 



Fig. 147, Miidunery of ihe Orrmojii, 1607 


not followed up, despite successful trials, for fear of damage to the 
banks by excessive wash; but it k remarkable that the direct-action 
method, dispensing wnth the use of the cumbersome beam, was not 
adopted by Symington^s immediate successors. 

The American Robert Fulton, who had seen the trials of the 
Charlotte Duttdat, conducted further experiments on the Seine, and 
in 1S07 achieved the first commercial success with a Boulton & 
Watt engine, which drove the paddle^teamer Clermont (Fig. 147) 
between New York and Albany; within two years it had a successor 
on Lake Champlain. The low-pressure engine built in Glasgow^ for 
the Comet (Fig. 148), the first commercially successful steamboat in 
Europe, which ^mc into service on the Qyde in 1812, resembled 
Fulton s engine in havmg a pair of beams placed low down on either 
side of the vertical cylinder. 

The conventional engine with a massive overhead beam proved 
suitable for shallow-draught river-steamers, which were soon much 
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in vogue in America, because from the nature of that design the 
bulk of the weight had to be above the ’is'atcr-levxh But when 
paddle-steamers began to be developed for the ocean routes, British 
practice favoured side^lever engines, in which the two beams were 
brought low dow'n near the foundation plates, so as to lower the 
centre of gravity and improve stability. In the early 1850*5 the so- 
called ^steeple’ engine was introduced, in w'hich the guides for the 
cross-head on the connecting-rod towered above the decks: hence 
the name. The object of this 
device w'as again to overcome 
problems resulting from the 
Limited vertical distance be¬ 
tween the paddle shaft and the 
bottom of the vessel. After 
direct-acting vertical engines 
were introduced in iSjy, the 
necessary length for the con¬ 
necting-rods was obtained by 
various devices, including the 
elimination of the piston-rod 
altogether by attaching the con¬ 
necting-rods direct to the upper 
face of the piston. Alternatively, 
the connecting-rod might be 
eliminated: this was done in 
the oscillating engine, which 
eventually berame the most popular form for paddle-steamers, the 
piston-rod being connected directly to the cianh. This device was 
used in 1S22 in the first iron paddle-steamer, the Aatm Manijfy 
built in England to ply on the Seine. Huge oscillating engines were 
constructed in 185 8 for the paddle- and screw-steamer Gwr 
w hose four 74-in. cylinders drove both a screw and paddle-wheels of 
56 ft diameter. 

The steamship underw ent a decisive change with the substitution 
of screws for paddles. Since the Archimedean screw was a water- 
moving device of classical antiquity, it U at first sight surprising that 
forty years of experiment^—w'hich included trials by John Fitch in 
New York in 1796-^receded the construcrion in Britain of the first 
successful screw-steamer, the Archimedes of 257 tons, in 1858. The 
invention was made simultaneously by (Sir) Francis Pettit Smith and 
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the Swedcj John Ericsson, who terminated his thirteen-year resi¬ 
dence in Britain to sell the idea in the United States. A relatively 
high speed of rotation wis necessary for the new method of pro¬ 
pulsion, so that in the first screw^teamers the drive to the pro¬ 
peller shaft had to be geared. Fears that the ordinary piston-engine 
could not achieve a sufficient speed to be coupled direct to the pro¬ 
peller proved ultimately to be unfounded, and various engines were 
designed for this purpose. In 1842 the United States Navy in¬ 
troduced, in the Frmelton, a special screw-engine designed to keep 
the machinery below the water-line for protection, and in the 
following year the Great Britaht was the first scrcw^tcamer to 
cross the Atlantic* 

Horizontal direct-acting engines were widely used, though the 
connecting-rods had to be inconveniently short because of the limited 
transverse space in the ships of the day. In 1784 Watt had patented 
a *tmnk-cnginc\ in which the connecting-rod was linked direct to 
the piston; although it had several inherent disadvantages, it w^as 
used extensively in the middle of the nineteenth century because of 
its important saving of transverse space* IMien the Great Eajtcrn 
began her first voyage in 1859, designers w^crc already turning to the 
use of an inverted vertical engirie, which could be satisfactorily 
accommodated even when the development of the twin-screw ves¬ 
sel required two sets of engines. When warships began to be equipped 
with side armour, the inverted vertical engine became standard in 
naval vessels* 

Compound-expansion engines were first fitted to a sca-going ves¬ 
sel, the S.S* Brandon, in 1S54* Triple-expansion engines came into 
use in the 1870^5, working at a steam pressure of 150 lb to a sq. in., 
while for the most economical use of fuel with pressures above 
180 lb, quadruple-expansion engines were by igoo deemed essential* 

Changes in the design of steam-engines, and particularly the use 
of higher pressures, resulted in corresponding changes in the boilers 
that supplied them. The rate of progress is illustrated by the fact 
that, whereas the Comet of 1S12 had a simple boiler, sec in brickwork, 
generating steam at only a little above atmospheric pressure, by 1900 
the Babcock 6c Wilcox water-tube boiler, standard in the Royal 
Navy, provided steam at 250 lb a sq, in. The basic problems were 
how to increase the efficiency of boilers and how to obtain sufficient 
steam at increasingly high pressures to keep pace with the develop¬ 
ment of steam-engines. The water-tube boiler, a feature of Stephen- 
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son’s Rocktt Icjcomotive of 1829 that la-as first adopted for marine 
engines in 1S42, a major step forward because it very greatly 
increased the surface area of the water exposed to the heat of the 
furnace. Corrosion difficulties experienced in the early dajs were 
much reduced when mild-steel tubes replaced iron ones. At sea, 
corrosion difficullies were particularly acute as long as sea-water 
was used to feed the boilers: frequent emptying and scraping were 
necessary' to remove deposits of salt. Replacement of iron tubes by 
copper ones mitigated the difficulty, but there was no really satis- 
fictoiy' solution until 1834, when Samuel Hall introduced the sur- 
face^ondenser that provided distilled water for boiler feed* 
Throughout the period with w^hich w'e are here conoemed, coal 
was the principal fuel of steamships. But from the i86o’s onwards 
the possibility of using oil was seriously explored, the incentive 
being the accumulation by the rapidly growing petroleum industry 
of large quantities of hea\y oil, for which there was then little de¬ 
mand. Despite mudi experimentation, how'ever, fuel-oil found only 
very limited application until after the turn of the cenfury; 

LOCOMOTIVES AND STATIONARY STEAM-ENGINES 

The problem of accommodating steam-engines within the hulk of 
the relatively small ships of the early nineteenth century taxed the 
ingenuity' of designers. To Jit 
the steam-engine within the 
even narrow'cr confines of road 
and railway locomotives was 
even more difficult. It is a 
measure of the inventiveness 
of engineers of the age that 
the basic problems w'ere solved 
in Stephenson’s Rochet (Fig. 

149) as early as 1829. 

In the first year of the nine¬ 
teenth century', when Syming¬ 
ton was designing his tug-boat, Trevithick made hk first steam road- 
caniage: earlier experiments had been conducted by Nicolas Cugnot 
(Fig. 150) in France (1769) and by Murdock in Cornwall (1785). To 
keep the vertical qdinder hot, Trevithick partly enclosed it in the 
boiler; the drive was by connecting-rod from the piston-rod to the 
rear w'heels. The engine included Trevithick’s special device of 
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sending the exhaust-steam up the chlmncv to increase the draughty 
if patented, this invention might have given him a hold upon loco¬ 
motive development oomparablc to that which Watt achieved for 
the stationary engine through his condenser. His first steam-carriage 
satisfactorily carried its passengers, but was allowed to boll diy 
during the subsequent celebrations. In 1S03 he ran a similar steam- 
carriage through the streets of London between Holbom and Pad¬ 
dington, but this attracted less public attention than the explosion 
of the boiler of one of his high-pressure stationary engines. Following 
this explosion Trevithick introduced a steam-gauge, and a safety- 
plug to the boUer. 

It w’as Trevithick who effectively joined the steam-locomotive to 
the rail-Tvay, demonstrating the suitability of their combination for 



Fig. 150. sttaiQ-csiTriage, 


the conveyance not only of heavy goods hut of passengers. I'he 
latter was a discover)' of the utmost importance, for w'hereas steam 
transport by road nev'er grew to any big dimensions, the develop¬ 
ment of the railway passenger service was one of the great formative 
factors in nineieenth-centui)’ history. 

In 1S04 Trevithick designed a locomotive to pull a load of 10 tons 
on a cast-iron tramway running for 9! miles between. Penydamn 
ironworks and the Glamorganshire canal. This proved capable of 
pulling five vehicles and seventy men as weU as the load specified, 
moving under one man^s control at a speed of 5 m.p.h. This demon¬ 
stration effectively controverted the argument that the friction betw'een 
an iron wheel and an iron rail was insufficient to permit the use 
of steam traction on tramways, and in the foUowing year a similar 
engine was built at Gateshead for a Tyneside colliery by one of 
Trevithick’s mechanics. This was an event of more significance than 
the five-shilling trips by locomotive which he offered to the London 
public in 1S08 on a circular track near Euston Square. For this was 
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m the greai northern mdustrbil area where Geo^ Sicphenwn, who 
was aware of the importance of Boulton & Wattes inventions be¬ 
fore he even learned to readj ran his ‘travtlhng engine' for an 

identical purpose eleven months before Waterloo. The link with 
Napoleon is closer than might be supped, since Stephenson and 
othej^ owed their chance of experimenting with steam locomotives, 
in part at least, to the rising wartime cost of horse-fodder. The 
success of i 3 i 4 led, hy w^y of L^amottan No. i of 1825, to the 
decisive triumph of Stephenson's Rocka^ which his son Robert 
helped to design, in October 1829. The steam-pressure of the Rocht 
was only 40 lb, but this famous locomotive set the pattern for the 
future with its tububr boiler and direct drive between piston 

and driving-wheels. * ^ . 

There were now twenty-^ix locomotives at work m Britain, in¬ 
cluding eighteen in collieries; two had been exported to France, and 
four to America. Despite the rapid establishment of railway systems 
in both America and Europe, locomotive design, to which we shdl 
return later, continued for a long time to be prim;wily, though by 
no means exclusively, a British domain* Marc Seguin, for example, 
patented the multi-tubular boUcr ahead of Stephenson, and another 
French engineer, Henri Giflard, was responsible for the first in¬ 
jectors. Before the latter invention, which ver>' surprisingly was 
resisted by some conservative British, designers, there was no means 
of introducing feed-water into the boiler if the engine remained 
stationary* for any length of time, a great inconvenience. Fewcl^gi^^ 
took place in the design of the frame or chassis: Gooch's ^colo^al 
locomotive of 1846 (Fig. 151) represents one of the largest of its day. 
At mid^entury locomotive engineers all over the world were basing 
then work either on the plate-framed type, charactenshc of Bnmh 
steam locomotives as long as they continued to ^ built, or on the 
bar-framed typ^, which w as elaborated in the United States. Speeds 
of over 60 m.p.h. had then become commonplace. 

By the i86o's British locomotive engine design was being aflfected 
by the substitution of coal for coke, the latter, though more ex¬ 
pensive, being then used in order to comply with the legal require¬ 
ment in Britain that railway engines *must effectively consume their 
own smoke'. Complex fire-boxes were devised to achieve complete 
combustion of cod; these were very^ economical, and one of them 
proved able to dnve a loaded express train, under far from favourable 
conditions using only 23 lb of coal to the mile. Fire-box design 
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vaned greatly, however* aeicordmg to the fuel: in many countries 
wood ift-as commonly burnt and in Russia experiments were being 
made in burning oilr 

British engine designs continued to be widely used on the Con¬ 
tinent* and in some cases proved better suited to oontinciital than 
to British permanent ways, English engineers were to be found in 
German and Austrian railway firm^ but the Russian locomotive in¬ 
dustry was started mainly by Americans. An exception to the general 
Anglo-American predominance at this period was that Iklgium, 



which had the earliest of the continental railway systems, produced 
the Walschaerts v^alve-gcar, employed on British railways and many 
others today. 

To economize fuel by using compound engines was an obt^ous 
goal for Emotive designers, for non-stop range was limited by the 
amount of fuel and water that could be carried and reduction in the 
rsmo of weight to power was a constant aim. In the later years of the 
nineteenth century compounding was widely practised: in England 
the wnrnonest type of improved engine was that designed by Francis 
Webb* having two high-prcssure cylinders outside, which drove the 
tra^ng^e, and a large low-pressure cv-llnder between the frames 
which (kovc the middle axle (Fig. lyz). A German locomotive of 
wo^'lindcr compound design was employed to some c.xtent in 
EngUnd and wmked weU in countries, such as Germany itself, 
Sweden, and Ireland, where scheduled speeds were lower But for a 
long time ^e main home of the compound locomotive was France* 
where A G. dc G ehn from the igSo^s onwards devised immensely 
successiul four-cylinder engines. 
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In the last half of the century, a major change in locomotives was a 
great increase in size—the first 6-oouplcd l>ogie express locomotives 
appeared in Italy in 18S4. Coupled driving wheels, giving better 
grip on the rails, had been introduced to Britain in i859j and the use 
of the modem long^bascd four-wheeled bogie with bterally sliding 
pivot likewise encouraged the building of bigigct and more powerful 
iucomotivesj as did the Westinghouse brake (p. 385), first employed 
on American passenger trains in 1S68. Newrtheless, there were no 
radical changes of design' the influence of earlier British models 



Flo. I sir Frands Webh'a ihrct^grUndcrcMmiwiiiid express 
haili tor the LotidjQii Jfe North Western Railway, iSftt 


remained very evident on the continent of Europe, and in the enter¬ 
prising America of the 1890's the New York Central locomotives 
were stiU recognizable descendants of those which had helped Shcr-» 
man's advance from Chattanooga to Atlanta in the war of thirty 
years before, 

LATER DEVELOPMENT OF THE STEAM--ENG 1 NE 

In the second half of the nineteenth century the steam-engine 
captured the civilized world. Between 184'^ and 1880 the steam- 
power of the world rose from z to 28 million h.p. Every year it was 
applied in new countries, new industries, and new" services^in the 
iSbo's, for example, it transformed the fire-engine—while the net¬ 
work of communications, established by steamship and railway, at 
once extended and unified the dvilized areas. But there were no 
funda mental changes—save for the iotroduction of the steam-turbine 
at the end of the century, to w'hich we shall refer later—in the steam- 
engine as suchi it was, however, much improved in detail. There 
were better designs, materials, and methods of manufacture, result¬ 
ing in a better power/w"cight ratio and more economical use of fuel, 
while the development of the machine-tool industry' (Ch+ 12J also 
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had a profound effect, Progress ky at least as much in the increased 
cIRcienq'' of the machinety co which the now supreme prime-mover 
was harnessed, as in the case of thesubsdtudon of screws forpaddJe^ 
wheels in steamships. 

One important trend ffom 1S26 onwards was the increasing use of 
horizontaJ engines^ with one double-^acting cylinder held between 
cast-iron side-frames, and a governor automatically regubdng ex¬ 
pansion in accordance with load. An improved valve-^eai was in¬ 
vented by G. H. Corliss in America. Compounding became widely 
established, the high- and Iow‘-pressure cylinders, arranged either 
tandem or side by side, being normally of unequal diameter but w ith 
a common stroke; a famous example, though one with cylinders of 
cqud diameter, was built by Corliss for the .American Centennial 
Cxlubidon at Philadelphia in 187^1 where it drove machinery through 
a 3^ft fljTrheel at a speed of 360 np.m. Another mid-century^ inno¬ 
vation, which became standard practice for pumps and for the 
blowers of blast-furnaces, was a vertical engine with the cylinder at 
the top and the crankshaft below; this was Invented by James 
Nasmyth, and resembled his famous steam-hammer. 

In the last quarter of the century high-speed engines w^ere needed 
increasingly to drive dynamos. One successful vertical type w^ 
devised in the United States by George Westinghouse, but the most 
important advance was made in England by P. W. Willans, whose 
main patents were taken out in 1SS4 and 1885. He developed a com¬ 
pound engine with the high'-pressure cylinders on top, single-acting 
and very^ smooth-running, the steam being distributed by a nmd 
system nf vertical piston-vdves, that worked up and down inside the 
hollow piston-rod, which had ports cut in it. They were built as 
single, double, or triple expansion engines, Willans was a pioneer in 
standardi^tion, machining parts to within o ooi in., and arranging 
that the high-pressure cydinder of one size of engine corresponded 
exactly to the low-pressure cylinder of another; pistons, rings, 
valves, and so on were also interchangeable. Many engines of this 
type were built for driving electric generators between 1890 and 
rqoo, and by the end of the century' the maximum powder had risen 
to 2,400 h.p. 

Double-acting vertical engines were, however, commoner, and 
after the development of forced lubrication in 1890 there was less 
fear of the consequences of their not running smoothly* The largest 
triple-expaiision condensing-engines using superheated steam could 


11 LATER DEVELOPMENT OF THE STEAM-ENGINE J37 

develop up to 2>9<X) h,p. by igoo^ but by then the steim-turbine was 
established and the decline of the large reciprocating steam-engine 
had begun. 

STEAM-TURBINES 

The coming of the quadruple-expansion engine (p. 330) completes 
the story of a centur>^*s development from the stcam^nginc as it isas 
known to Watt and Trevithick. The prime-mover was stLl essentially 
the same at the end of the period as at its beginning^ though in¬ 
comparably more efficient. But in die development of the steam- 
turbine^nineteeuth-centuryinventorsprovided the world with a new' 
prime-mover springing from much earlier studies of the use of steam 
and based upon different principles. 

Heron’s ‘Sphere of Aeolus’ of the first century a.d. can be de¬ 
scribed as a sort of reaction turbine, since it made direct use of the 
pressure exerted by a jet of steam. In the seventeenth century, again, 
there was not only a fanciful scheme for a wind-turbine, which we 
have already mentioned (p, 247), but projects for a ralling'mill to be 
worked by Hot air from a chimney, and for a stamp-mill to be driven 
by a jet of steam. In 17S4 the Hungarian Baron Kcmpelen tem¬ 
porarily roused Watt to fear competition from hU project for a 
steam-turbine, w'hich was taken up more seriously by Trevithick 
thirty years later. Trevithick’s ‘whirling-engine’ consisted essentially 
of a pair of hoUow' arms mounted on a shaft: steam at a pressure of 
] 00 lb a sq. in. escaped at a tangent from a small hole at the end of 
each arm, causing them to w'hirl round. The weakness was that the 
rotationa] speed of 250 r.p.m,, w'hich was the marimum attainable, 
represented only about one-fifth of the power potentially available 
from the steam. 

The modern steam-turbine was developed out of the water-tur- 
blne (which w'e shall briefly consider later in relation to the genera¬ 
tion of electric power) by C A. Parsons, youngest son of the Earl 
of Rosse and an engineer of exceptional skill and ingenuity. The 
immediate incentive was the urgent need for an engine to drive a 
dynamo directly, for which purpose a speed beyond the apparent 
range of the reciprocating steam-engine was desirable. He succeeded 
m getting high efficiency, combined with a satisfactory'speed of re volu¬ 
tion, by passing the steam through a series of small element tur¬ 
bines. In this way the total drop of pressure as the steam expanded 
was divided into a number of small stages, which theoretical 
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con^idcraiioiis indicated to be necessar)" fot efficient working. The 
outside of each turbine consisted of a fixed circular casing kno^n as 
the stator* with row's of stationary blades on the inner surface; a shaft 
in the centre* the rotor, held a ring of similar blades. Steam flowing 
through the stator in a direction parallel with the shaft passed alter¬ 
nately between the two sets of blades* causing the shaft to rotate. 
The first patents w ere taken out in i S84, and in the same year the 
first turbo-generator ran at 2 speed of jSjCxxj r.p.m. Three years 
later Parsons made a compound rcacdon-turbinc with high^ and low-¬ 
pressure stages* and in 1891 he buHt the first condensing turbine, 
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which proved to have a smaller steam consumption than a conven¬ 
tional steam-engine of equal capadt)'; it also had advantages in 
space-saving, reliabilit)'* and freedom from vibration. But meanwhile 
Parsons had suffered a serious setback through loss of control of his 
patents, so that he had to abandon the axial-^flow tj^pe of turbine {that 
is, one where the direction of flow is parallel with the shaft) for a less 
efficient radial- or outward^ow turbine. In December 1893 he 
regained control of the patents, however, and in the last year of the 
century he made the ftrst tandem-cylinder turbines — turbo-olter- 
nators generating i ,000 kw each — for the German town of Elbcr- 
feld. 

Parsons crowned his achievement of providing a prime-mover 
suitable for the rapidly growing electrical industry by making the 
first successful application of the steam-turbine to ship propulsion. 
His first attempt, in iS94*with a radial-flow' turbine {Fig. 153) failed, 
as the design of the propeller was such that at the high speed of 
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rotation it could not provide the necessary thrust* In 1896 he devised 
a system with three shifts, each of which carried three screws, driven 
by a connected series of turbines, those for high and intermediate 
pressure at the sides, with a low-pressure turbine in the centre; there 
was a separate turbine, driving the central shafi^ for reversing. The 
difficulty in the design of the propeller wos overcome by increasing 
its surlace area. The three turbines together developed about 
2,000 h,p., and the Turbinia (Fig. 154), when it made its first ap¬ 
pearance at the Jubilee Naval Review in 1897, startled hhe captains 
and the tings' by its hitherto unheard-of speed of 34^ knots. 



Fio. 154. The Tafhinia ai speed, jBgj 


ft was found, however, that the turbines ran most efficiently at 
higher speeds than were suitable for the screw's. As the turbine came 
into wider use for ship propulsion, therefore, reduction-gearing was 
introduced, together with double-reduction gearing for slow mer¬ 
chant ships in which the propellers were required to turn at lew'er 
than too T.p.m. As an indication of the subsequent speed of develop¬ 
ment of the marine turbine, it may be remarked that w ithin a decade 
Cunard liners were being fitted with turbine-machinery developing 
70,000 h*p. and it had been adopted for the British Navy. 

Contemporaneously with Parsons, Gustav dc La\'al had dc\'eloped 
a turbine of diffierent design in Sweden. De Laval's turbine, perfected 
in 1887, w'as essentially a steam 'windmill', in w hich jets of steam im¬ 
pinge on vanes set round the rim of a wheel. This comparatively 
simple device achieved considerable success for engines of reladvcly 
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small power* especially after Curds, in the United States, introduced 
the device of velocity compounding, in which a second, and occasion¬ 
ally a third, row of vanes was introduced to udlize the energ)' 
remaining in the steam after it had passed through the first row* 
A basic limitation of the single turbine is that the fall in steam pres^ 
sure takes place in one stage, as it leaves the nozzles; the advantage 
of Parson*s method was, as we have seen, that the rcduciiun, in pres¬ 
sure cook place in a scries of stages* 

THE THEORETICAL BACKGROUND 

The development of the steam-engine from Savery^^s ‘Miner^s 
Friend* of 169S to Parson*s fast turbine of 1S84 corresponded, 
though by no means exactly, with an immense increase of under¬ 
standing of the underlying scientific principles, and this chapter 
would be incomplete without some reference to these. Fundamen¬ 
tally the steam-engine is a device for converting heat energy into 
mechanicai energy, and its performance is governed by the laws of 
thermodynamics* These laws were, however, not established until 
the middle of the nineteenth century, nor, indeed, w’as the nature of 
heat at all generally understood until that dme : this circumstance is 
a further reminder that technology is by no means sy nonymous with 
applied science. 

The steam-engine is a heat-engine, and it is remarkable that its 
development proceeded as far as it did without any clear idea of the 
nature of heat itself* Heat was long looked upon as a fluid, possessing 
neither w'eight nor substance, that could flow from a hot body to a 
cold one* Although erroneous, this belief was a useful one, for it led 
Joseph Black, w^hose ideas greatly influenced Watt, to carry out quan¬ 
titative experiments that led to the formulation of the concepts of 
latent and specific heats. As bis unit of measurement Black the 
quantity' of heat required to raise the temperature of a given weight 
of water by a given amounts substances ^'afy in the amount of heat— 
their ‘specific* heat—required to raise their temperature by a given 
extent* He showed that a definite quantity of heat is required to con¬ 
vert water into steam at the same temperature: this iatent* heat h 
released when the steam condenses again. On this basis Watt could 
assess the relative efficiency of steam-engines in terms of the heat put 
into them and the mechanical power they developed. As we have 
already seen, comparable measurements had been made by Smeaion 
in 17^, when the ‘duty* of pumping engines was measured in terms 
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of wort done per bushel of cml consumed, but this ty pe of measure^ 
ment was less sads£wJtory as it contained an unknown fictor, namely* 
the amount of heat released from the fuel that was in fact utilized 
by the engine* 

The nature of the relationship between heat and wort was ex¬ 
amined more closely by Benjamin Thompson, Count Rumford, who 
founded the Royal Institution in London in 1799* WTule Minister of 
War in the Ba^-arian service he made a study of the heat developed 
during the boring of brass cannon. This well-^known phenomenon 
had been explained on the assumption that solid brass contains more 
'caloric* than does the same weight of brass turnings: the difference 
w ould thus be expected to appear as heat when solid brass was con¬ 
verted into a finely divided form, Rumford found, however, that the 
specific heat of the turnings was the same as that of the original metal* 
He concluded that heat is a form of motiou* and that in this instance 
it derived from the work done in the process of boring* Although 
a quantitative measure of the mechanical equivalent of heat can be 
derived from Rumford's published work he did not in fact make the 
necessary computation: this was left to J* P* Joule, whose value, 
substantially the same as that accepted today, was published in 1 S47 
in The Phihs&phkal Magazine. The establishment of a precise re¬ 
lationship between heat and work was an e%ent of the first im¬ 
portance—though only gradually recogmzed as such ^to the design 
of every' kind of heat-engine. It established quite unequivocally that, 
regardless of the type of heat-engine, there must be a limit- further 
defined by the Second Law of Thermodynamics (sec below )—to the 
amount of work that it could perform for a given amount of heat 
supplied to it. 

Joule*s w'ork was fundamental to one of the most important 
physical gencTallzarions of the nineteenth century—the theory of the 
conserp’adon of energy* Briefly, this states that if energy of a par¬ 
ticular kind disappears then an exactly equivalent quantity of energy 
of other kinds appears in its placo^ This Is the First Law’ of Thermo- 
dymamics: it states, in effect, that energy, like matter, can be neither 
Created nor destroy'ed. The two basic principles of the conscrv ation 
of matter (p, 272) and of energy dominated nineteenth-century 
science: in the twentieth century they' have had to be united 
in the light of discoveries in atomic physics, but for all practical 
purposes they apply rigidly over almost all fields of science and 
technology. 
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From the First Law of Thermodynamics foUowed the Second, 
enunciated m 1851 hy William Thomson ^Lord Kelvin) and by 
R J. E. Qausius i briefiy, it states that there is a theoretical majtimum 
to the efficiency of any heat-engine. The Second Law of Themo- 
dynamics governs virtually all processes invoUingthc transformation 
of heat, and thus is applicable to a verj' wide range of technological 
processes and not merely to the steam-engine and other heat-engines. 
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MACHINE-TOOLS AND THEIR PRODUCTS 

iNTdODUCTlON 

r HE development of the steam-engine by Watt and Trevithick 
made possible the creation of a civilization based on power- 
driven machincr)', but did not of itself create such a civilisa¬ 
tion. In fact, as we have seen, the steam-engine took something like 
half a century to establish itself as the principal source of power for 
industry. For this, two main reasons can be seen. One was the trade 
conditions, existing during and after the great French wars ■ the other, 
no less important, was the purely tcchniia.1 difficult)' of constructing 
steam-engines and the machinery they were to drive. In this con¬ 
nexion we have already noted that long after better steam-engines 
were available the ponderous beam-engine continued to be built, 
simply because it was W'clt within the capacity of the materials and 
craftsmen of the day* TTie making by hand of parts of machinery to 
precise standards could prove not merely prohibitively expensive but 
even a practicai impossibility. The rate at w'hich standards changed 
is forcibly illustrated by the &ct that in 1776 Boulton was delighted 
that Wilkinson had bored for him a 50-in* cylinder that 'doth not 
err the thickness of an old shilling in no part’, whereas by 1S56 (Sir) 
Joseph Whitworth was regularly using in his w^orkshops a machine 
capable of measuring to one-millionth part of an inch* \Vhitworth 
roundly condemned the old method of working to such meaning¬ 
less limits as *a bare sixteenth’ or "a full thirty-second’ with which 
many, though not all, engineers were then satisfied: he claimed that 
it was easier to work to one ten-thousandth of an inch by his methods 
than to one-hundredth of an inch by the old ones. The general Intro¬ 
duction of these new standards of precision not only made possible 
the practical realization of new' inventions and designs, but led the 
way to the mass-production methods that arc an essential feature of 
modem industry* No longer was it necessar)" to build each machine 
separately: instead, indhidual parts could be manufactured in large 
numbers, and the final machine assembled by draw ing the necessary 
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components from a stock of interchangeable j>art5. This mode of 
opemdon^ vi'hich originated in Prance but was developed mainly in 
the United States^ profoundly affected the role of the individual: 
craftsmen became less and less concerned with complete projects 
and more and mofc w ith limited parts of them, perhaps never even 
seeing the final product. 

While the need for greater precision was the most important factor 
that led engineers to turn to machine>-tools, the frequent need to 

work very large and heavy pieces 
of metal also inevitably 1^ in the 
same direction. The machine- 
tool industry thus became a very 
important feature of the later 
phases of the industrial revolu¬ 
tion: it has indeed been said that 
the mating of machines to make 
machines was its most important 
single aspect. While there is 
much truth in this assertion, it 
is misleading to the extent that it 
gives the impression that the mak¬ 
ing of machine-tools was w'hoUy 
a development of the nineteenth 
century, whereas its b^nnings 
can be ttaced back for a great 
many years before this. In the eighteenth century, for example, 
the makers of clocks and scientific instruments used extremely ac¬ 
curate lathes, screw'-cutting machines, and dividing-engines, a fur¬ 
ther reminder that when great precision was required mechanical 
methods were not merely cheaper and more convenient than work¬ 
ing by hand but often essential. W'ood-turning lathes had been in 
use long before this, and are illustrated in medieval works (Fig. 155): 
they may indeed be regarded as an offspring of the potter’^s wheel, 
which was a very early device. Nevertheless, the widespread use of 
machine-tools is certai niy a nineteenth-century development. William 
Fairbatrn recorded, in his inaugural address as President of the 
British Association in 1861, that when he fimt went to Birmingham 
in 1814 all machinery was made by hand; by the time of his address, 
however, ^everything is done by machine tools with a degree of 
accuracy which the unaided hand could nev er accomplish*. Less than 
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Fjql 156. Eg^'ptUn how-drill with 
copper bitf c* laflo b.C. 


half a century had seen a revolution in manufacturing methods m 
one of Bri taint's chief manufacturing 
centres* 

Before considering individual ma¬ 
chine-tools, it is perhaps useful to 
consider the principles of their opera¬ 
tion. Generally speaking, there are only 
two forms of movement, rectilinear 
and circular, that can be easily and 
accurately obtained with relatively 
simple mechanisms, and most machine- 
tools achieved their results by applying 
one or other of these movements or 
a combination of both, either the 
tool or the work being firmly 
fixed* Clay is shaped on the 
w'beel, for example, by its rotary 
movement combined with the 
upward and the sidewaj’S move¬ 
ment of the potter^s hand, the 
role of which is strictly compar¬ 
able with the cutting-tool of a 
lathe. Spiral movement, such as 
is necessary for making an accur¬ 
ate saew-Aread, can be achieved 
by simultaneous rotary move¬ 
ment and rectilinear movement 
at right angles to it: the pitch of 
the spiral can be controlled by 
varying the relative speeds of the 
two motions* DrOling also is 
achieved by a combination of 
rectilinear and circular move¬ 
ments, the drill moving forward 
as it rotates. Planing, by contrast, 
depends upon rectilinear motion 
alone. 

Many machine-tools represent 
the mechanization of the tradi-* 
tional methods of the artisan to give greater precision and, as metal 
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rqilaccd wood, greater power* The imehine-drin, for example, is a 
descendajit of the bow-drill of the Egyptian joiner (Fig. 156) and 
the carpenter’s brace, which, though not certainly Lnown before the 
fifteenth century a.d. (Fig, 15^), may possibly 
have been in use among the Assyrians. The 
plane was established as a hand-tool in Roman 
times (Fig* 158): although it seems to have 
fallen into disuse afterwards until the four¬ 
teenth century, it is substantially the same 
today save that the frame is usually iron 
instead of wooden. Because oontinuoiis rotary 
movement is mechanically more suitable for 
high-speed continuous w'ork than reciprocat¬ 
ing movement, there was a tendency for the to^d-fro motion of 
some hand-tools to be turned into circular motion. Thus circular 
saws came into use in the third quarter of the eighteenth century, 
and band-saws in the middle of the nineteenth, especially in 
America, where there w-as a great demand for wood-w orking machin¬ 
ery of all klnds^ hut their principle—that of cutting by means of 
continuous friction by a sharp serrated edge—^was still the same as 
that of the flint saws w'hich date from Upper PalieolJthic times, or 
of the iron Age saws in w hich raked teeth first occur. 

GROWTH OF PRECISION WORK 

The lathe, the oldest machine-tool, is of unknown antiquity, but 
it wus not until about 1700 that it became really useful for accurate 
vfork. The dock-makers, inspired by the w ork of such men as Hooke 
and Huygens, then developed the first precision lathes (Fig. i$q) 
which w ere also of much use to the makers of scientific instruments. 
These were built on a square iron bar, which usually had one mov¬ 
able and One fixed headstock, through which passed rods to secure 
the w'orkj between the headstocb was a sliding bracket to hold the 
working umI. The w ork was turned by a bow, so that rotarion w as first 
in one direction and then in the other. Although this intermittent 
rotation was a disadvantage, satisfactory^ cylmdrical parts and arbors 
for clocks could he produced in this way* By 1750 the Frenchman 
Antoine Thiout made the very important iimovation of equipping 
a lathe with a tool-holding carriage moved longitudinally by a screw- 
drive. As a result accuracy w-as no longer w holly dependent upon the 
eye and skill of the operator. Some time betw^een 1768 and 1780 
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mother French inventor, Jacques de Vaucaiison, an expert in the 
field of textile machinery, devised both a lathe and a dnll, each of 
which was fitted with a tool-holding carriage moved by a threaded 
screws He also began the practice, which was later applied to all 
machinc-toob, of making the carriage for the tool move along a 
prismatic metal bench ► This was part of a general move towards 
greater strength and rigidity, which among other things resulted in 
the replacement of wood by metal as the material of construction. 

Precision mechanics and the making of machine-tools overlap to 



Fig, 15^, OocL-FndKr’s lathe, aghieenih eenrury 


a great extent in the case of screw -cutting lathes. Accurately threaded 
screws were important for a variety of purposes, as, for example, the 
moving of the tool-holder—since each rum of the screw' must corre¬ 
spond to a precisely determined linear movement forward. Screws of 
relatively large pitch could be made satisfactorily by the use of stocks 
and dies, but for long, finely pitched screws—such as were required 
for the fine adjustment of micrometers—a lathe was essential. The 
first satisfactory screw-cutting lathes w'erc made by the English in¬ 
strument-maker Jesse Ramsden in 1770. The more elaborate of his 
two machines (Fig. 160) had the rod to be threaded placed p^llel 
to the guide-bench, and rotated through gearing by the driving- 
crank of the lead-screw. I^ong screws could be made from a small 
original, carefully cut by hand with a file from a geometrically drawn 
pattern; the accuracy of the result was brgcly dependent upon the 
care and skill of the operator. Screw -cutting was a highly skilled craft, 
but by the end of the eighteenth century a number of w'orkshops do¬ 
ing work of high quality had been established, most of them in France 
or Britain. No great accuracy was, of course, necessary for screws and 
nuts used merely for holding together the various parts of machines, 
Ramsden*s work had far-reaching consequences. In 1797, for 
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exmiple, Maudslay designed a brge screw-cutting hihe, widely used 
by engineers^ that was probably inspired by Ramsdcni^s model, 
descriptions of which had been published* Two years earlier Senot, 
in France, had also built a lathe for cutting screws with precision, but 
this seems to have attracted little attention. Also in France, Jean 
Fortin developed an accurate method of scrcw-cutting, but little k 
known about this, save that he worked by a method of successive 
approximations. 

With increasing precision, there w as a growing need for accurately 
graduated scales, both linear and circular, for such instruments as 

rules, sextants, mural circles for 
observatories, and so on. For 
this purpose dividing-engines 
based on geometrical principles 
were built. The availability of 
accurately cut screws, engaging 
with equally accurately cut 
gears, made it possible to effect 
the controlled movement of the 
scriber that cut the graduations 
of the scale, fn this field the Doc 
de Chaulnes: did much pioneer 
work, introducing the use of 
microscopes, with cross^irs in the field of view, for the precise 
location of the graduations of the master plate j he also used the 
tangent-screw drive. In the experienced hands of Ramsden these 
methods proved very valuable, and he built the first dividing-engine 
suitable for work on an Industrial scale. His machines excited great 
interest, and early in the nineteenth century many of a similar type 
were built. On the Continent, Lenoir produced work of exceptional 
accuracy, but perhaps the most successful precision instrument- 
maker of that time was Henry Gambcy. HLs dividing-engine was 
more exact than any that had preceded it: in 1840 he used it to 
graduate a great ^-metre mural circle for the Paris Observatoiy^ that 
remained in use until 1920. Among his refinements was the use of 
remote control, so that expansion of metal by the body-heat of the 
operator was avoided. 

The rapid dev elopment of methods for constructing precision in¬ 
struments of all kinds in the second half of the eighteenth century 
and the early part of the mneteenth had fiir-reaching practical con- 
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sequences. Qock-rmking, which had ^ven the original impetus, 
achieved a great triumph in nsg, when John Harrison rampkted 
his chronometer No. 4. which was of watch size ^is enabled longi¬ 
tude to be determined within an accuraq' of half a degree and ulti¬ 
mately won for its designer the jCaOjOCO priz^the size of the prize 
is a clear indication of the enormous importance of an aerate 
chronometer to navigators—that the Board of Longitude had since 
1714 offered to the inventor of a marine cbioaometer capable ot 
attaining this degree of accuracy at sea. Harrison, howler, rMdc 
only five chronometers in ah, and the rnan who aeated ^e modem 
marine chronometer was a Swiss, Ferdinand Berthoud. Under Ber^ 
thoud's nephew', the manufacture of marine chronometci^ became 
industrialized in France in the first half of the nineteenth ejmtury. 
In England the best modeb were those of Mudge '^old, and 
Eamshaw. By the end of the Napoleonic wars both British and 
French navigators were satisfactorily provided with a rtieans ot 
determining longitude at sea. The sextant, too, had conic into use 
from t7S7 as an aid to navigation, and the requirements of its manu¬ 
facture had in fact given an additional impetus to the mvcDtion of 
the dividing-engine. Large reflecting telescopes charted the hcavei^, 
and much greater accuracy was being introduced mto terrestna 
survey. When the French and English triangulation ^eys were 
connected across the Straits of Dover in 1787 
achi<rvung great accuraq- by means of the repcating-cndc, first manu¬ 
factured by Lenoir. In England at that time the most precise sur¬ 
veying instruments were two very large theodolites, constructe } 
Ramsden, which had on accuracy of i at 10 miles or j 

seconds at 70 miles. Smaller theodolites of similar type were used 

throughout the nineteenth centuq. 1 r 

Thiu the development of precise machine^ools for the 
tion of suitable scienti6c insmiments profoundly affected both the 
art of navigation and the construction of charts and imps just at the 
time of the great voyages of discovery of the eighteenth and nine¬ 
teenth centuries. No less important, they paved the stay for the in¬ 
dustrial machine-tools essentia! for the eonstrumon of the later 
types of steam-engine and of the machines they had « 
curate surveying insmiments were necessary, too, for the building 
of canals, roads, and railways. The importance of these connexio,^ 
bemeen science and technology, through the instrument-makers, is 
not always appredated. 
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THE SUCCESSION OF PIONEERS 

In View of its profound effect on the development of Watt's steam- 
enginej it is sad that the only relic of the original boring-mill built 
in 1775 by John Wiltinson^ at what had been his father’s ironworks 
in Eknbighshire, iS a 15-ft boring-bar. The hollow boring-bar was^ 
however;^ the essentia] feature. It was keyed to the large driving-wheel 
at one end and supported in a bearing at the other; the cutter^head 
was mounted on the bar, with which it rotated, and was fed forward 
by a rod inside the bar, while the cylinder itself was held rigidly in 
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a cradle- Although his horis^ntal boring machine was originally 
designed to make cannon, Wilkinson had for about tw^enty' years a 
virtual monopoly of the manufacture of cylinders for Boulton & 
Watt. Even by ie middle of the nineteenth century few modifica¬ 
tions of his design had been made (Fig. 161). 

The next main figure in the development of machine-tools for 
industry was Joseph Bramah, a Yorkshire farmer's son who became 
a versatile inventor. Among his eighteen patents, which included an 
improved water-closet (p, 4^5), a hydraulic press, a wood-planing 
machine, the suction beer-engine, and a device for printing the serial 
numbers on banknotes, was a type of lock that is still manufactured; 
a specimen remained unpicked, despite a standing challenge prize 
of 200 guineas, from 1784 until 1851, when the success of a light- 
fingered American visitor—who took hours spread over 

sixteen days to complete his cask—w-as hailed by Punch as ‘the Pick 
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of the Exhibition’. Such a lock was necessarily eompliawd. ™^ 
machines had to be devised to cut grooves in the barrel of the lock 
notches in the keys, and unlocking notches in the steel 
addition, Bramah had a spring-winding machine, in which a ge^d 
lead-saew made it possible to manufacture springs of varying pitch. 
This was the forerunner of the screw^:uttmg machine trade by 
Maudshy, a young blacksmith ftom Woolwich Arsenal whwe te 
had started life as a powder-monkey at the age of twelve, whom 
Bramah employed as his foreman. Finding his ingenuity 
with a wage that did not rise above joj. a week, in 1797 .Maudslay 
founded his ow n firm, important alike for the machmes it made and 

the minds it trained. i u rrJesrr 

Maudslay set a newr standard of accuracy, partly by using metal 

alone as the material of oonstruedon (the machme-timls he had made 
fur Bramah had wooden frames), and partly by causing his wutl™en 
to test everr Important plan* surfac^pecially those of slide- 
valves for s^eam-engmes-^gainst accurate st^dards. He was the 
first to popularize among engineers the use of a ^ 

familiar m instrument-makers, as we have seen, to hold » 
tool. Then in 1800 he produced his famous scrcwvcutung lathe. Tte 
used a lead-screw, as in the fusee-engine, linked wi* , 

through gear-wheels fixed on three spindles; the 
on prismatic bars. Similar lathes had m fact teen devis^ “ 
and in America a few yeao earlier, but the invention is “"X 
attributed to Maudslay, pardy no doubt because of his 
interest in the formarion and reproduction of accurate sere 
threads. His screw micrometer for bench work accurat 

“'The 'tm of Maudslay, Sons & Field tecame 

of steam mble-englnes and marine engmes, but Maudslay s fire 

major order was for machine-tools for Portsmou* 

Samuel Bcntham, younger brother of Jeremy 

philosopher, had taken out a patent in 1793 for 1 “"* "f 

working maehlnerv, with which he proposed to reduce J” *e 

Royal Dockyards consigned to his charge as “ 

Naval Works. For mechanizing the manufacture of ’ 

requited by the Admiralty at the rate of 100.^ a y^. 

suppUed with a design of machinery superior to his owm by M I. 

Brand, a royalist refiigee from the French Na^. The 

was officially adopted in February 1802, took five and a half years to 


35 J MACHINE-TOOLS AND THEIR PRODUCTS 12 

complete. As the blocks were required in three size-rangesj some of 
the nuchmcs for s3.W'[ng^ boring, mortising, and scoring had to be 
suppLed m more than one size^ altogethcrj there iverc fort>'^hree 
machines, which did wenthing except the ^aJ fitting and polishing 
in the whole of the long business of turning elm logs into finished 
pulley-blocks. Driven by a3ohip. steam-engine, the machines made 
130,000 blocks a year, cut the labour force from jio skilled men to 
10 unskilled men, and saved the Admiralty almost a third of the 
capital outlay in a year. This example of mass-production methods, 
which w'Cre also extended to Chatham and to the govenunent yard 
in Spain, was far in advance of its time, and some of the machines 
that Maudslay built for Portsmouth remained in use for more than 
a century after his death in 1851» 

Maudslay had a lasting influence on the British machine-tool in¬ 
dustry. Of the three great British machine^ool makers of the next 
generation, both Richard Roberts and Joseph Whitworth had w orked 
for a short time under him, while James Nasmyth, the greatest of the 
three, had been ht; personal assistant in his old age and did not 
open his own w orkshop until after Maudslay's death. Roberts, who 
had also worked for Wilkinson at the Bradley ironworks, in iSt 7 made 
a hihe with a back^eared hcadstock, and m the same year made the 
first planing machine for metal, which is still in existence. WHten a 
larger t^^pc came into use a few years later, Its maker was another 
employee of Maudslay, Joseph Qemenc. For ten years Clcmcnfs 
machine was the only one in the world capable of taking work up to 
6 ft Square, such was the demand for it that it was his main source 
of in^OTme capabl c of earning up to £20 a day. Roberts is best known 
for his self-acting spinning-mule, but he also invented a niunber of 
machine-tools, including a punchlng-machke specially designed in 
1 847 making the rivet-holes in the railway bridge over the Menai 
Straits, 

Nasmith, the son of a Scottish kuidscape-painter, became Mauds- 
jay s personal assistant when he was only tw enn -one. His inventions 
jnduded_a milhng-machmc and a pianing-machine or shaper, quite 
distinct from the shaping engine used by Brunei for block-making; 
the shaper could produce any small surface that can be formed of 
rectilinear elements. But Nasmyth is best known for his sream- 
hammer, which could be raised higher than the old tilt-hammer and 
lowered with great force but yet under perfect control. It was designed 
in 1839 to solve the practical problem created by the proptJsa!, not 
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subsequently caoried out, to equip the steamship Gn^ut BTttain with 
a paddle-shaft of 30-! n. diameter. In the steam-hammer the piston 
of an overhead cjlinder is connected with the hammer-head by a 
rod, the head being raised prior to the blow by the admission of steam 
to the cylinder. Increased power was obtained later by admitting the 
steam above the piston for the downward stroke to make the hammer 
doubie-actiiig (Fig. 162). Iron 
beams and plates could now be 
forged of larger size than ever 
before. The great hammer could, 
nevertheless, descend—as the 
Exhibition catalogue of 1851 
pointed out—^Vith power only 
sufficient to break an egg sheH\ 

Pile-driving, as required for 
Robert Stephenson’s Newcastle 
bridge in 1849, for example, came 
to be carried out at the cate of a 
blow a second instead of a blow 
every feiv minutes as by earlier 
methods. 

Whitworth, a schoolmaster’s 
son, set up as a tool-maker in 
Manchester in 1833 with the in¬ 
tention of making machine-tools 
for sale. In this respect he stands in marked contrast to those whom 
we have been discussing, since they made machine-tools primarily as 
a necessary step in some other manufacture in which they were inter¬ 
ested. As a tool purveyor he stood far ahead of all rivals at the Exhibi¬ 
tions of 1851 and 1862. His twenty-three exhibits attheCrystal Pala^ 
included various forms of planing-macbine, one of w’hich was not only 
pow'er-driven and self-acting but was equipped with guide-pullejs 
which reversed the tool-holder at the end of each stroke, so that it 
cut in both directions. He also made a number of improvements to 
the lathe, including the hollow-box design for its bed. which pro¬ 
vided much greater rigidi^ for a given weightj as well as providing 
the all-important Icad-screw' with satisfactory^ protection from dust 
and shavings. One of his earliest devices, already mentioned, was a 
measuring-machine that could measure to an accuracy of one- 
millionth of an inch (Fig. 163)' this contrasted with the general 
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sundard of the day^ although we have already noted that MaudsLay^s 
bench micrometeT had an accuracy of o'oooi in. 

Yet another way in w'hich WTiitworth sought to improve engineer¬ 
ing methods was through the standardization of screw'-threads. 
Since 1760 the increasing demand for screws had been met by fac¬ 
tory production, first patented by J* and W* Wyatt, Whitworth, after 
collecting sample screws from as rnany British wx>rkshcsps as pos¬ 
sible, put forward his two proposals—~that the angle betw'een the 
sides of the threads should be 55% and that the number of threads 



Fig. 16^ WfaitviDrth'i fdr cnwumii^ H> one- 

milltoiuii of BA indi, 


to the inch should be specified for various diameters. His recom¬ 
mendations became standard practice in Britain in the 1860V, but 
on the Continent the firm ts^bllshment of the metric system pre¬ 
vented their general acceptance and the American government 
officially adopted the rival SeUers system in 1868. 

In tracing the great dynasty ofBritish machine-tool makers through 
Maudslay to Whitwrorth, the main emphasis has been laid on tools 
that were used for the working of iron and other metals, but there 
were also some important new machines for working both wood and 
stone. The Americans of log-cabiu days had a vety great interest in 
wood-working machinery of all kinds, but it w-as nevertheless for 
Woolw^ich Arsenal that the first rotary wood-planing machine was 
devised, by Bramah, in 1S02; it remained in use for half a century. 
In this machine the wood was moved backwards and forwards on 
carriages by means of an endless chain and 40-ft rails; above bung 
a disk fitted with gouges and planing-irons, which was turned by a 
steam-engine at 90 r.p,m. A machine which converted planks into 
tongued and grooved floorboards was made in 1827 by a former 
employee of Maudslay, 
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Maclmtcs for the reproduction of irre^lar forms t>egaii the 
eighteenth-century medailion-bthc. In the origiiuil machines the 
feeler caused the cutter to make a reverse copy of the matrix, but 
about iSoo the feeler and the cutter were placed on a bar pivoted at 
one end, so that a positive copy of the matrix could be made; toe 
scale of the reproduction could be adjusted by varying the ^ition 
of the tvi^o Instruments on the bar. James Watt, after his retirement 
from active business, made an improvement by adding a pivoted 
arm to the bar and rotating the cutters, so that it was possible to 
undercut and to copy objects in the round in the original or a different 
size. He neither patented nor publicized these inventions, n^c 
between 1804 and 1819, and an independent invention was made m 
the following decade by Benjamin Cheyerton. ^ 

One practical application was a machine built in France and used 
at the Paris Mint from 1824 onwards to convert medallion designs 
into master punches. Another was a machine that could copy carved 
panels in wood and soft stone; invented in 1845, it w^ used ex-* 
tensively for ornamental stonework and in particular for the panci^g 
of the new Houses of Parliament, built to replace those destroyed by 
fire m But perhaps the most significant type of copying lathe 
was that developed in 1818 by the American inventor Thomas Blan¬ 
chard. This w'as for mass-producing gun-stocks, and was introduced 
into England shortly after the 1851 Exhibition as part of the 
‘American system*. 

THE ‘AMERICAN SYSTEM* 

The spread of the so-caUed ‘American sj’stcm*—^at is the 
improvement of the economy of mamiiactore by produemg rully 
interchangeable parts—is one of the most striking lechnologuxl 
developments of the second half of the nineteenth century. At the 
Great Exhibition of 1851 British engineering reigned supreme; the 
space allocated to the Americans w-as not even fiUed. Neverthel^, 
the American exhibits included half a dozen army ^cs manufac¬ 
tured on the system of interchangeable parts, and within ^0 
the system was being studied by a British committee, including _ 
Nasmjih and Whitworth. The beter pointed to the root cause of the 
extraordinarily rapid rise of American technology when he reporte . 
‘The bbourJng classes [there] are comparatively few in number, 
but this is counterbalanced by, and indeed may be regarded ^ one 
of the chief causes of, the eagerness with which they call in the aid 
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of machincr}’.... wherever it can be introduced, it is universally 
and willingly resorted to.* 

Although known as the ‘American system* after the country in 
which it was most ftilly exploited, its starting-point was in fact in 
Europe, where it was f^t used for the manufacture of muskets, of 
which eighteenth-century governments were large-scale purchasers 
and manufacturers with a special interest in uniformity and facilit)’ 
of repair. In 1785 Thomas Jefferson reported ftom Paris, w here he 
had succeeded Benjamin Franklin as American Minister, that a gun¬ 
smith there made locks of fully interchangeable parts and expected 
to be able to cheapen the musket in consequence. Later corre¬ 
spondence shows that the system was extended to the whole gun. 
Something similar appears to have been attempted in the Black 
Forest in 1806—the year in which Napoleon completed his sub¬ 
jugation of Germany. But it was in America that Eli \Vhitne>', 
unable to secure the profits from the cotton gin which he had 
patented in 1794, began interchangeable manufacture of muskets for 
the United States government on what he mistakenly chimed to be 
‘a phn which is unknown in Europe*. That America, with its few 
gunsmiths, provided ideal ground for such a development is show n 
by the fact that his proposed method was imitated almost immedi¬ 
ately by Simeon North in the manufacture of pistols. From 1819 on¬ 
wards the system was adopted in the tw o main arsenals of the United 
States. In the same period it was introduced into the American clock 
trade for a shelf-clo^ produced by Eli Terry in large quantities, the 
wheels of which were accurately stamped with dies from sheets of 
brass. From 1828 onwards a rotary pump was also made in this way. 

The most striking developments of the system, however, con¬ 
tinued to be in the manufacture of small arms, particularly after the 
Mexican war of 1846-8 had show n the remarkable value of the re¬ 
volver, invented by Samuel G)It (p. 502) a decade before. In 1853 he 
dc\'elopcd an armoury using 1,400 machine-tools. At the same time 
rifles were being mass-produced by the firm of Robbins & Law¬ 
rence, and it was their exhibit in London in 1851 that brought the 
American s>’stcm to England, where they equipped the Ro>'al Small 
Anns Factory at Enfield with 150 machine-tools and the necessary 
ancillary equipment. By 1857 Enfield w'as producing 1,000 rifles a 
week, later 2,000, each requiring more than 700 separate operations; 
all parts of all rifles were completely interchangeable, a military 
ad>'anrage whose immense importance needs no empha^. 
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In the second half of the nineteenth century the further develop¬ 
ment of the interchangeable system of manufacture (Fig. 164), in 
which America continued to taie the lead, was one of the main fac¬ 
tors that resulted in complicated and efficient machinery being 
placed in the hands of the many for purposes of peace as well as of 
war. Harvesters, sewing-machines, typewriters, and many other 



Fig. 164. Interchtnge&bk reaper parts as used at the middle the 
nineteenth century 


machines spread from under-populated America to lighten the phy¬ 
sical toil—and temporarily to complicate the economies—of other 
continents. 

FURTHER DEVELOPMENTS, 185 O-I 9 OO 

In the first half of the nineteenth century a handful of men, whose 
industrial experience made them aware of the great need for machine- 
tools, made and exploited a series of inventions of cardinal impor¬ 
tance. In the second half of the century the demand for new machines 
called for the development of some new machine-tools. Progress re¬ 
sulted also from the availability of new materials for tools and new 
sources of power with which to operate them. For the most part, 
however, technical progress came fiom the improvement in detail of 
the tools already in existence. But whether the took were of an old 
or new' type, the period witnessed a decline in the proportion 
of heavy manual labour used in industry and a higher regard for 
the safety and convenience of those operating the machines. The 
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conditions in which even so enterprising and enlightened a firm as 
Chubb, the London Jock- and safe-makers, worked In iS 6 S would 
have seemed old fashioned by the end of the century (Fig. 165). 

The working life of a cutting tool depends upon the speed at 
which it is driven; for the carbon-steel tools of 1850 this meant a 
maximum speed of about 40 ft a minute* The steel invented by 
Robert Mushet about 1865, in which tungsten and vanadium were 



Fio. 165. Chubb A Sno'a London Notify lor miHnf locks and afo, 1668 


incorporated and the proportion of manganese increased, enabled 
the cutting speed to be increased by a half This in tum gave place, 
at the very end of the century, to high-speed steel, containing 
chromium, which raised the cutting speed to 120 ft a minute, 'fliis 
change had two effects on the madunc-toois used. Increased strength, 
better design, and Improved bearings were needed to take the strain; 
at the same time, with the possibility of employing very high speeds, 
it became desirable to have a better method of changing speed than 
that of simply slipping the driving-belt on to a puU^ of different 
diameter. In 1892, a^rdingly, a gear-box for machine-tools was 
introduced In ^ncrica, enabling speeds to be selected by a hand- 
Iwer* The use of the gear-box spread rapidly, and by 1900 a fric¬ 
tion-drive also had been developed, enabling the spindle-specd to be 
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varied at will. New materials—silicon carbide (carborundum) and 
aluminium oxide—also came in during the 1890*$ to rev'olutionize 
the grinding-machines, which played an important part, for instance, 
in the manufacture of sewing-machine components. 

In the long run, however, the most important basic change was 
the introduction of electricity as a prime-mover. Its application to 
nuchine-tooLs ^^'as publicly demonstrated at the Vienna Exhibition 



Fig. 166. Turret-hthe built by the Robbins 8c Lawrence Company, 
Vermoot, 1855 


of 1873, and at about that time it began to replace steam-power for 
driving the network of overhead belts characteristic of most factories 
at that time. By the close of the century, however, individual electric 
motors might occasionally be found incorporated in the structure of 
nuchinc-tools, as is now general practice. 

Important developments in the lathe began in America in the 
i840*s. By 1855 Robbins & Lawrence’s guns were being manu¬ 
factured with the help of a fully developed turret lathe (Fig. 166). 
.Although it has been claimed that there was a British patent for a 
capstan-lathe with vertical turret before 1840, and that American 
developments in the following decade are to be attributed to immi¬ 
grants from Britain, the turret-bthe was not to be found in British 
engineering practice, or even listed in the International Exhibition 
catalogue, as bte as 1862. Eight toob could be locked into the bthe’s 
octagonal turret, which could be rotated to bring each to bear in turn 
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for its appropriate process: eight machining operadons could thus 
be conducted by a single operator. By the time of the outbreak of the 
American Gvil War in iS6i , a ratchet-and-pawl mechanism had been 
developed to rotate the turret automadcalLy^ a£ well as a device for 
feeding-in the bars to be worked on without stopping the rotadon of 
the spindle. 

The war years in America gready sdmulatcd the demand for still 
further economy of labour. Automadc screw'-making lathes were 



Fit). 167. Spindtr’i automatii; Lathe with cylindrical amst 


built in w^r-rime, and were soon follow ed by a remarkable American 
lathe with cylindrical cams, known as *brain wheels’ (Fig, jby)* The 
cams w'ere ^justablc, and controlled both the cutdng tools and the 
turret: if continuously fed with raw material, this machine would 
condnuc to manufk:ture screws or other small components as long 
as the cutting took endured. A British automadc screw-mating 
machine followed in 1S79, turning out screws of diameter at 
from 8 q to 150 an hour according to their length; it incorporated a 
roller device to feed in the material. By the end of the century 
machines of this kind had increased in size and power and were in 
common use: they are early examples of what is now called automation. 
In 1S55 ^bc needs of the American sewing-machine industry 
caused the principle of the automatic lathe to be carried a step 
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farther. By placing four or more spindles in a single lathe, and ar¬ 
ranging for them to rotate periodically to new positions, it became 
possible to machine all componaits simultaneously, though the total 
time required would be determined by the longest of the four pro- 
cesses^ By 19KX3 such machines were a\'ailable in Sweden as well as 
in America. 

The same principle had been applied carhcT in the muldple- 
spindle drilling machine (Fig. 168). A machine designed on this 
principle was used in i 36 o to drill the holes in the |-iii. thick plate 
used for the side girders of Charing Cross railway bridge, London. 



Fig. ]68 r Multiple-spiiidle dnUtn^ nw;binr» iSsi 


But there was no major advance in the type of drill, except for the 
introduction of the twist-drill, which made higher speeds possible 
in the sixties. Nasmyth’s slot-drilling machine of 1862 was a valuable 
innovations until this became available, slots, such as were neccs- 
S3T>^ in piston- and connecting-rods, could be made only by the 
laborious process of drilling a scries of holes, chipping out the metal 
betw een them, and filing the slot to shape. Nasmyth called it ^one 
of the most tedious and irksome jobs that an engineer could be set 
to’ and one, moreover, with which only the very best men could be 
entrusted. 

In boring machines, apart from an increase in size and accuracy, 
the chief change w’as a growing use of the vertical boring machine 
(Fig. 169), because with a large component It was easier to work 
With the part clamped on a horizontal rotating table. Such vertical 
boring machines had, however, been known since the days of Boul¬ 
ton and Watt. 
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FiC. 169. Eirly vcftii:;!! bwing' mdcJiinc, 
installed in Boulton A Watt’^s Sobo 
foundTj 


A more important dev'elopment was in the milling machine^ lirjJt 

built for sale in 1S48. In contrast 
to shaper, planer, or lathe, its large 
number of cutting edges enabled 
it to move relatively fast without 
over-cheating, and it had an ob¬ 
vious advantage in its ability to 
cut special shapes in a single 
operation. Its use, however, was 
for a long time held bad, particu¬ 
larly in Britain, because of the 
difliculty of making the cutteri 
and keeping them shaqj. In 1862 
the American firm of Brown & 
Sharpe achieved W‘hat has since 
been recognized as the first true 
universal milling machine (Fig. 
J70), This machine was originally 
designed to mill helical grooves 
for the new twist-drills, but 
Joseph Brown, who designed 
it, soon ^w that it could be 
used to replace a large number 
of dldicult hand operations. 
The machine won immediate 
wide acceptance in America, 
but milliug machines did not 
come into general use in Britain 
until after the cum of the cen¬ 
tury. 

With an increase in the rota¬ 
tional speeds of all kinds of 
machinery, and the need to 
transmit much greater power, 
there developed a pressing de¬ 
mand for methods of manu¬ 
facturing gears from very tough 
metals to exacting standards. 
Thej' continued to be produced mainly in milling machines by 
means of formed cutters, although automatic gear-cutters, w'ere em- 


FlO, 170. First uiuTcmJ mlllijig machine, 
madt by the Browfl & Sharpe Qsmputy, 
United Stales, in 
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ployed in America m 1877- ^ an alternative method had been 
conceived, known as ^hohhing*, in which the geai-bLink was rotated 
synchronously with the cutter. But the first hobhlng-machinc patent 
was not applied for, in America, until about 1887, and another ten 
years passed before the machines came at all widely into use; it is 
significant that one of the jBrst British bobbing machines wras that 
built by the motor-car manufiicturer F. W. Lanchester in 1896 to 
machine worm-gears. 

In the twentieth century the rapid development of the motor-car, 
and subsequently of the aeroplane, industry opened immense new 
fields for the application of machine-tools, Al^ough never a large 
industry in terms of the number of people employed, the machine- 
tool industry has long been of the most fundamental importance to 
technological progress of every kind. 
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MODERN TRANSPORT 


T ransport improvements occupy a key position in the his¬ 
tory of the mdustrial revolution, operating both as a cause and 
as an effect of countless other changes. They are an effect 
because the steam-engine and other new prime-movers both suggested 
and made possible the new modes of transport by sea, land, and air. 
But the new means of transport were also a cause of industrial change. 

ithout them buUcy and heavy raw materials — in the first phase^ coal 
and iron, and later, steel, petroleum, Malaj'an tin, and rubber—could 
never have been concentrated for manufacture, nor could the food 
have been found for the manufacturing populations. They made 
possible the two great new' social phenomena of the age—widespread 
urbanization and emigration. By enabling men to envisage the 
whole world as a single economic unit, in which every area could 
supply something to the needs of industrial manufacture and was 
consequently a potential market for its products, modem trans¬ 
port provided a compelling incentive to technological develop¬ 
ment. 

Transport must therefore be treated as a whole, since its impor¬ 
tance as a technologicaJ instrument is distinct from the history of the 
steam-engine, already related, or those of the coal and iron industry', 
the internal combustion engine, and electricity-, which are to follow' 
Building construction for transport will likewise be treated as a 
whole {Qi. but in the case of the railway everything except the 
road-bed is included here because—unlike the canal and road—the 
mal^g of the railway was substantially a novel, perhaps the novel, 
achicN-cmcnt of nineteenth-century transport engineering. We wil^ 
however, consider first the progress of sea communicadons. The 
sailing-ship was perhaps the finest technological achievement of the 
pre-industrial eiar yet it was the network of steam-ship services 
which, as much as any other single factor, created the western world 
and western dvilization as they stood in 1900. 
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THE LAST ERA OF SAIL 

The wooden saLlin j-ship of the ci^teenth century, its size limited 
by the mechanical qualities of the timber from which it was built, 
its shape and gear determined by long and arduous experience, was 
not commonly regarded as capable of substantial fur^er develop¬ 
ment. This docs not appear suqirising w^hen we reflect upon the 



Fifl. 171. The En^av^af^ dispatdwd bjf the Britidi AdmiriltT 
in [768 u chan dte Siwtfa PadEc Ocean atid. obscTTC the trandt 
of Venus 


achievements even of tiny colliers such as Gx>t’s Endeavour (Fig* 
171) and Rfsolution. It was the fiat bottom, designed to allow un¬ 
loading of coal into carts on beaches at low tide, which made it pas¬ 
sible to run Endeavour ashore for repair after she was holed on the 
Great Barrier Reef of Australia. Less than 100 ft long on the lower 
deck, a ship like this was seaworthy enough to ride out the storms of 
the Roaring Forties, and could be sailed close eoough to the w-ind 
for Gx)k to perform his astonishing surv^ej's of Newfoundland and 
Australasia. The bluff^bowed East Indiaman, on the other hand, 
with its fiiU-bodied hull, designed to carry the maximum amount of 
cargo, was slow but safej it would complete three voyages in six years, 
was then overhauled, and might be re-employed by the Company. 
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As for dispUccmeitr^ at the end of the centurj’ the large^it vesseJs 
belonging to the Indin Company' in London, had an official 
rating of 1,200 tons^ while a first-rate ship of the line — there were 
three rates—might well be considerably heavier than this. Such a 
fighting-ve^el needed tO' be fast as well as strong, and might carry'^ 
upwar^ of a hundred guns, that is to say about three times the 
defensive armament of the East Indlaman. A distinctive feature of 
the man-^f-war was the 'tumble-home', a pinching-m of the top- 
sides which reduced deck space and was a disadvantage when heel¬ 
ing, but which gave increased stability by bringing the weight of the 
guns well inside the beam of the vessel as expanded at the water- 
line. This fca^re was imitated by the British Navy from captured 
French warships, the lines of which were always £iith fully recorded, 
for progress still depended not upon applying scientific principles 
but upon foUowing a successful design with appropriate modifica¬ 
tions. At the same time, Britain accepted the position that foreign 
warships of a given rating were normally built a little larger than 
her own becauM she had great difficulty in finding the money and 
materiai to maintain a tine of battle numerically superior to her 
nearest As for the fitness of the maxiHof-war for the purposes 
it sewed, it rnusc suffice to quote the example of the Fkr&ry, which 
was involved m eight major actions over a period of thirty-four years, 
flew the flags of fourteen admirals, and carried Nelson through tlic 
storm-tossed years of the great blockade and to his death at TrafaL 
gar* She still survives. 

Success breeds conservatism. As late as 1850 fundamental cha nges 
in the Royal Navy were few. Six small steamships took part in the 
bomb^dment of Acre in 184O1 but in the Crimean w'ar the British 
flagship in the Black Sea was a wooden three-decker, which was 
t^cd into action by a tug, and was set on fire by Russian shells* 
One important change m dockyard methods w-as the introduction of 
^k-making machinery by Bentham, already mentioned (p. 351)* 
OT i^re direct value to the working of the ship at sea was the intro- 
duction of copper to sheath ships' bottoms, which became estab¬ 
lished dunng the American War of Endependence. The copper was 
found to resist the ship-worm, which infests tropical waters, so that 
It was no longer necessary to careen ships on West Indian islands and 
elsewhere m order to bum off the encrustadon (w Fig. 87)* At 
about ffie same time an increased use of iron in the structureWas 
called for, both to economize in timber and for strength: knees, 
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sundnrds^ and diagonal braces of iron were slowly introduced. Al¬ 
though great improvements in rope-making had been recently devised 
by Edmund Cartw right and othersj in 1808 (Sir) Samuel Browm, naval 
officer and engineer^ urged the introduction also of iron cables and 
rigging. Chain cable bad the obvious advantage that it could not 
readily be shot avi'ay—a factor in the success of the Anglo-Dutch 
bombardment of the pirates^ nest at Algiers in iSi6h~ 3S well as 
being less affiected by climate, less easily cut by jagged rock, and 
handier to stow than the old hempen cables, which tended to kink. 
By 1840 chains were also commonly used in rigging. Yet, despite 
this considerable use of iron, the building of iron-cbd warships w as 
long delayed, even though the risk of shell-filling in the magazines 
of w'ooden ships was helping to prevent the abandonment of the old- 
fashioned solid shot' one reason was anxiet)' about the hazards 
of missiles ricochetting from ironwork. 

With the exception of a brief period of intensive frigate building 
during the American w'ar of 1S12, ia the half-ccntuiy that followed 
Trafalgar the field of internadonal rivalry was not so much the war¬ 
ship as the merandle marine, writh the steamship, for reasons al¬ 
ready noticed (p. 327J, playing a rather minor part. In the year of 
Queen Victoria’s accession her subjects in the United Kingdom 
disposed of only 668 steamships, averaging no more than 120 tons 
apiece. Yet the freeing of the Far Eastern trade fi^m the East India 
Company’s monopoly in 1S33 was followed by intense competi¬ 
tion in the delivery^ of opium to China and the carriage of tea dom 
China to the IpVcsl In 1849 the repeal of the remaining Navigation 
Acts opened British trade to all comers, and in the same year the 
gold rush round Cape Horn to California placed a new emphasis on 
speed, as did the Australian gold rush which quickly followed. Hence 
the great age of the clipper, with its sharp long bow, hollow lines, 
and raked masts. W'here the old-Jashioned traders to the Far East 
were commonly ‘snugged down’ by reducing sail for the night, 
clippers crammed on all sail in their much^dvertised tea races with 
the first of the new crop, in which they might make London from 
Shanghai in ninety da}'s or less. 

The dipper design seems to have originated from the eighteenth- 
centuiy' Yankee schooner, a two-master which skimmed over the 
water, as further developed at Baltimore for privateering against 
Britain in the war of 1812. Something rather similar was being 
developed by Aberdeen shipbuilders in the 1840’s with the incentive 
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of the cist-coast passenger and cargo run to London^ but their main 
interest lies in the part they played after rS49 in the upsurge of the 
American mercantile marine^ whose cheaper^ though shorter-lived, 
soft-wood ships threatened to capture the carrying trade ftom the 
hard-wood products of British ship^-ards. 

Some of the emigrant clippers exceeded 2,000 tons, with a tall 
sail-plan and the power of being driven through any w^eather; they 
were the only sailing-ships known to have run 400 sea miles in a day. 



Fig. 172. The Arietf otc of the lut of ihc tca^^ippers 

The tea-clippers were commonly less than half their size, but had 
to be built with greater still so as to gain the utmost advantage from 
the light winds of the China seas. American competition came to an 
end with the outbreak of the Crvil War in 18&1, while in 1869 the 
opening of the Suez Canal (passable only by steamships) marked 
the beginning of the end for all sailing-^hips in fast trade with the 
East. The millennia-old design of the sailing-ship may therefore be 
said to have reached its dimax w ith such vessels as the Greenock- 
built Aritl (length 197 ft, beam 33 ft 9 in.), which as a new ship 
(Fig. 172) raced the Taping up the English Channel in 1866 ai 14 
knots: both vessels docked in die Thames on the same tide ninety- 
nine days our from the Pagoda anchorage. But by this rime wood 
construction was going out as well as sail propulsion; it was only 
the fact that an iron hull was considered mjurious to tea that delayed 
its adoption in the tea trade. Tapping and Ariel are examples of 3 
temporary compromise, known as composite construction: they were 
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built of Ecak planking bid over iron frames. Iron lower masts and 
wire rigging had also been iniruduced to support the tremendous 
pressure on their sails^ 

The achievement of the sailing-ship is all the more impressive 
when measured against jiian*s continuing ignorance of the seas over 
which he sailed. In 1702 Halley had published a world chart of 
magnetic dedination, which proved extremely valuable to navi’ 
gators, but much still remained to be learned about the vagaries of 
the magnetic compass. The "deviation^ of the compass resulting 
from the ship's own ironwork was not sciendftcaliy invesrigat^ 
before the opening years of the nineteenth centurv^, when Captain 
Matthew Flinders, sent by the newly formed Hydrographic Depart¬ 
ment of tlve British Admiralty^ to make a further survey of the coast 
of Australia, used his enforced leisure as a Napoleonic prisoner of 
war in Mauritius to write a paper on this subject for the Royal 
Society; hence the invention of the Tlinders bar' to correct the effect 
of the soft iron of the ship. Dead-reckoning of a ship's course con¬ 
tinued to be based upon the literal hourly heaving of the log. Sound¬ 
ings also were made In primitive bshion with lead and line, the lead 
a weight of 14 lb and the line a length of hemp marked in fathoms. 
Until the days of steamships, it w'as impossible to sound more than 
10 fathoms without stop ping the survey vessel, and the hollow in the 
bottom of the lead (which was filled with taUow' to make it sticky) 
brought up a specimen of no more than 4 sq. in. of the sea bottom. 
Though Giptaln C J. Phipps, returning from Spitzbergen in 1773 
(with midshipman Horatio Nelson on board), made the fir^T deep-sea 
sounding on record, and Benjamin Franklin about the same date 
was using the thermometer to fix the limits of the Gulf Stream by 
tempemture observation, systenaatic oceanography dates only from 
the middle of the nineteenth century. 

The number of positions accurately fixed in terms of btitude and 
longitude increased from rog in 1706 to more than 6,oqo in 1817; 
by i 84g the British Admiralty^ bad issued 1,748 navigational chan^. 
M. F. Maurey, who had been made head of the U.S. chart depot in 
1841, charted the north Atlantic and inspired a conference at Brussels 
to secure international co-operation. His Phymul C^Qgraphy af the 
Sea (1853) became a standard textbot>k, and the use of his wind 
and current charts was said to have reduced by a quarter the average 
duration of the passage from New' York to California round the 
Horn, and by one-fifth that from England to Australia via the 
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Cape. The diiferences are of the order of fort\ ^eifht and twenty- 
seven days r^pectively—a striding illustration of the routine 
hazards to which saUing-ships had been exposed^ 

THE ERA OF IRON AND STEEL STEAMSHIPS 

The change from wood to iron^ and later steel, and the roughly 
pallet change from saD to steam, ended much of the romance of sea¬ 
faring; from the point of view of the histonanof technobg), however, 
the prime importance of the change is the lead which it pvc to the 
British shipbuilding industry. It is computed that in the 1840*3 
90 per cenL of the worId*s merchant shipping was built of wood. 
At that date, the United States, with its huge lake and river traRic, 
owned a larger tonnage than Britain and half the shipbuilding of the 
world was conducted on the /American and Canadian seaboard, where 
timber prices made British competition impossible. We may contrast 
the position in 1892-4, w^hen Britain*s share of a very much larger total 
construction of merchant shipping reached 81 '6 per cent. But the new 
material did more to produce this result than the new prime mover, 
for the statistics of the Qyde shipyards in Scotland clearly show' that 
the construction of iron sailing-ships, economical for long hauls with 
wool or gram (which in the less watertight wooden ships had al¬ 
ways to be sacked), was at that vcr>' time reaching its final peat. 

With all allowances made for aesthetic considerations and for ihe 
conservative traditions of a well-established trade embodying much 
of the most skilled craftsmanship of the woodw'orter, the shift to 
iron tn British shipbuilding seems surprisingly slow. In 1787 Tohn 
Wilkinson launched on the Severn a ba^e of bolted UtLn 
plates and there were others on the canals around Birmingham in 
1802, In Scotland the first iron barge was designed in 1816 by an 
enterpnsing military’ officer returned from the serv ice of the Nizam 
of Hyderabad; built by a carpenter and two blacksmiths, it was used 
successfully for lulf a century to carry- coal on the Firth of Clyde. 
In J 8 z 2 first iron steamship to cross the Channel was assembled 

Thames from parts prefabricated at a Staffordshire ironworks. 
On two ^ly occasions (1834 and 1844) fron ships advertised their 
s^ength by theu- survival after being driven ashore in exposed con¬ 
ditions. The great shipbuilding firm later known as Cammell Laird 
l^n to work in iron at Birkenhead in 1829, and the engineer 
Wilham Fairbairn on the Thames in 1836. Nevertheless, Clydeside 
did not begin to produce its staple commodity of iron ships until 
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1839^ and when the newly formed Cunard Line tendered to c^tty 
imnsatlantic maib by paddle-steamer in 1840, the iirst four ships in 
service alJ had wooden hulls. 

Against the easily exploded fallacy that a vessel of iron would 
not float, there were to be set the solid advantages of strength and 
economy of production ; potentially, too, iron ships could be made 
much longer than wooden ones. The maximum length of a wooden 
ship waa considered to be about 300 ft, a restriction imposed by the 
limited strength of wood. The importance of the ship’s ability to 
withstand bending of its long axis, esjjeciahy in relation to the dis¬ 
tance separating waves, had been made clearer by theoretical studies 
w^hich Pierre ^uguer published in Paris in 1746* He showed that 
the combined effect of the weight of the ship and its buoyancy in 
the water w^as to create strains in the hull as it moved through the 
waves, the centre portion of the vessel being alternately pressed 
upwards (hogged) or pressed downwards (sagged) in relation to 
two extremities. Bouguer’s analif-sis was improved upon by the savant 
Thomas I.aing in i8ji, but a further half-Hcentury elapsed before 
this fundamentally important problem was rigorously analysed by 
Pairbairn and by the Glasgow' professor \V. J. .M. Rankiiic* An 
iron hull could then be designed to meet the calculated strain. 

An iron ship could be made strong enough to dispense with a 
keel, and built to any desired length from iron plates or slabs. With 
the development of the rolling-milh it became possible to build up 
the transverse frames with single bars of iron reaching from centre¬ 
line to gunwale. Nevertheless, some of the early builders of iron 
ships, practising a conservatism not uncommon In the history' of 
technology, assiduously built their assemblages out of short pieces 
of iron, just as the builders of w'ooden ships had of necessity used 
short pieces of w'ood. The well-known Victorian naval architect 
John Scott Russell was among those who preferred to dispense 
with the frames, and to rely for strength on transverse partitions or 
bulkheads joined by longitudinal stiffeners, w'hich w'ould also pro¬ 
vide a series of watertight compartments. The transverse frame 
serv'ed during construction as a convenient scaffolding to hold the 
hammered and (later) rolled iron plates, already being made for 
boilers, which gave the iron ship its almost indestructible shell. The 
plates ran fore and aft in series as in a wooden ship, and to begin 
with were laid in clmkcr fashion; but after about 1S50 they were 
fastened together end-on with rivets through the frame. Joints 
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the plates were made watertight by hammering. There 
were liners, and bter other devices, so that the outer plates oouJd be 
nveted to the frame without any risk of a ^spring' betw een the parts- 
It was soon realized that in any given ship great economics could 
be achieved by standardizing the thickness of the plates, the size 
of the rivets, and the t>T3e of angle^iron used in the construction 
of the frame. B ut nndl n^r the end of the eentury-“W'heii hydraulic 
n\eters began to appear in shipyards — the rivets, w'hich might run 
to millions in a large vessel, were driven home by hand- Each w as 
heaied in a portable hearth by a boy, who passed (or threw) it 
to the holder-on I he hammered it through its hole, and held it in 
place for two riveters, w ho flattened the point with alternate blows 
In December 1835 ^mbard Kingdom Brunei signed the contract 
tor the great iron ship^ This famous mil way and bridge engineer 
had already designed two highly successful steamships for the trans¬ 
atlantic semee—the Great fTulent, the first steamship ever designed 

»n iron steamship 

which did service for thirty years after spending its first winter 
aground off the west coast of Ireland. The Great Eattern, however, 
was intended to show the full potentialities of the iron steamship by 
^ing enough fuel for a voyage to Australia and bacit. out bv the 
(jpe and home via the Horn. This was a bold attempt to overcome 
the great obstacle to the development of the steamship, namely the 
fact that the coal up so much space that there was no room for 
any other commodities less profitable than passengers and maU; for 
coaling-stations hardly existed yet along the long ocean rentes. As 
an advertisement of the structural possibiUties of iron, the Great 
tauern was a great success: as a demonstration of the economic use 
of coal she was a dismal failure. 

The ship had a double skin of plates to the waterline with the 
frames between, supporbng the machineiy and huge coal bunkers- 
^ove ^s Acre were bulkheads placed lengthwise, designed like 
two Bnranma Bridge tubes (p. 454). A feature of the design was the 
standardization of the sizes of plates, angle-irons, rivete, etc. Ac- 
wmmodauon for .^000 passengers was arranged on a total of five 
decks; even her mir-fibre rope, 47 inches in circumference, was of 
record size. The fact that her total tonnage of 18,918 tons was not 
equalled nnt.1 the nineteenth century had dosed may well a™ that 
the basic conoepnon was unsound, as events proved, but the hull 
with an approximate weight of 6.350 tons, made up of 30,000 plateil 
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held together by some 3 jnitlion rivetSj proved to be in excellent 
condition when the ship was broken up in 188S—thirty years after 
the difficulties of her bunching, which involved an unforeseen ex¬ 
pense of jf12.0,000, had driven the original company to virtual bank¬ 
ruptcy. The Great Eastern was never employed on the long passenger 
runs for which she had been designed, and fame de mieux did her 
best service as a cable-layer* The fatal defect by in an underesti¬ 
mation of the quantity of coal w hich her combined paddle- and 
screw-engines—iicvcloping 6,600 h.p*—required to drive this huge 



F»<Jr 173- InuniMdiiie puldk'^ngine shift of ihc Grta$ Eiaem 

ship at the designed speed of 14 knots (Fig. 173), The steam ing- 
time required for the round voyage to Australia was about seventy- 
five days; the bunkers held I3,ooo tons of coal, but the difference 
between the coal consumption that had been provided for and what 
was in practice required w'as of the order of 75 per cent. 

It is now easily seen why the final triumph of the steamship, 
though acceierated by the opening of the Suez Canal, was a much 
slower and more complicated process than, for example, the super- 
session of the coach by the railway. For the cariyfing of cargoes of 
imperishable commodities, in particular, sail was only slowly re¬ 
placed in the second half of the nineteen ih century, as engines be¬ 
came more economical of fuel: the first great success was that of 
Alfred Holt, an engineer turned shipowner, who in 1S65 equipped a 
ship with compound engines (p. 326) enabling it to carry 3,000 tons 
of cargo on a non-stop voyage of 8,500 miles, from Liverpool to 
Atauririus. The spread of coaling-stations over the w'orld, on the 
other hand, was a result as well as a cause of the growih of steam¬ 
ship traffic, since the building up of stocks at suitable points was 
mainly the work of tramp-steamers. 
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VVaiship contemporan' with the Grtat Eastern provide an in- 
tcrtering illustration of the changes that were going on. Armour, 
4I in^ thick,first employed by the French to encase a wooden 
frigate built in 1859^ To this the British replied two years later with 
the all-iron H.M.S. Wnfrior^ whose length of 3S0 ft was made pos¬ 
sible only by the use of an iron frame. But although she had a power¬ 
ful screw-engine, she was also fully rigged for sail, and there was 
lifting-gear, operated by 600 men, for hoisting the screw into a 
trunk while the ship was hovc-to. Warships carried large crews, and 
were not concerned to economize manpower by abandoning sail- 
craft ; moreoycTj it was desirable for them to remain at sea for long 
periods at minimum cost, and often in areas remote from coaling- 
stations. As the turret (p. 503) replaced the broadside, masts and 
rigging became a serious hindrance^ yet dow^n to 1900, in spite of 
the more intense naval rivalr>^ which began in 188S, the British 
Navy sdll maintained some sailing-ships on foreign stations. 

In the later ninci^nthi oentuiy' the most conspicuous change was 
the replacement of non by steel as a shipbuilding material. Some of 
the earliest examples ofits use were in the building of fast blockade- 
runners by the Confederates during the American Civil VVar to 
elude the Matitiof and its consorts^ the lighter construction that this 
material made possible meant a gain m speed. But the launching of 
a steel dispatch-vessel for the British Navy in 1S77 marks the moment 
at w hich a rapid change began, such that by the end of the century 
iron had been almost completely superseded. The methods of con¬ 
structing in steel were similar to those for iron, but there was a 
regular saving of one-fifth in the thickness of the material. The steel 
Cunard liners Campania and Lucanla of 1893, with steam-engines 
developing 30,000 h.p., represent the climax of nineteenth-century 
ship construcciont They had more than four times the power of the 
ill-fated Great Eastern, though designed to carry less than half as 
man} passengers less than half as far. Whereas most of the shcll- 
plat« of the Great Eastern were each 10 ft by 33 in. and weighed 
S25 lb, those of the two Cunard liners were commonly 25 ft by 6 ft., 
and weighed 2 tons; some were even larger. Significantly, there w^s 
no provision for setemg sails. 

The other main change in shipbuilding genemlly the increase 
of specialization. The enrly steamers had been buUt to carry both 
passengers and cargo, even though on the north Atlantic route con¬ 
cern with speed kept the carg(M3rr)ing to a minimum. But Britain, 
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as the chief shipbuilding power,, was in the happy ]>osicioii of being 
able to sell obsolescent t)'pcs of shipping to less fortunate countries, 
like Norway, which found the management and manning of tramps 
sufficiently profitable; moreover, the Merchant Shipping Act of 
1S94 enforced more stringent regulations for all British ships designed 
to carr>' passengers. Hence the emergence of the cargo liner, with 
its steel decks, numerous derricks and winches, and immensely 
strong fore-and-aft stccl“tube girders. The longitudinal girders made 
it possible to construct holds with¬ 
out the rows of closely spaced 
pillars w^hicK in, earlier ships had 
hold up the decks to the serious 
detriment of stow'agc capacity. 

But increasingly important car¬ 
goes w'ere appearing for which 
the size of the hold was not the 
only consi deration. The provision 
of cold storage (p. hi^g) for meat 
a nd other qu ickly perisha ble food- 
stuffs is one obvious example. 

Another, which in the twentieth 
centur}' was CO prove a vital factor 
in both pieace and wur, was the development of the oil-tanker. 

\\Ticn oil was carried in casks or drums, as was usual at first, al¬ 
though tank vehicles had long been in use for liquids such as w^ine 
(Fig. 174), its stowage required nearly twice the volume of the oil 
Itself; if it was carried in bulk, there w'erc dangerous possibilities of 
an uncontrollable surge causing the vessel to capsize. Hence the 
development from the tSyo’s onw^ards of a special type of steamship 
for the purpose. It had the machinery arranged aft so as to reduce the 
risk of fire; elaborate division by bulkheads to hold the oil in separate 
tanks; and expansion-trunks, providing space above the tanks, to 
prevent leakage or contraction of the oil leaving room at the top of 
the tank for movement. In addition, a tanker required a superior 
quality of riveting. In an ordinar)' ship minor leakages of water are 
usually quickly sealed by corrosion, but as oil prevents corrosion of 
the metal, leakages in tankers were not self-scding. But tanker trans¬ 
port of oil developed rather slowly up to the end of the nineteenth 
century' because, until the needs of the motor-car built up an insistent 
demand for the commoditv^, authorities were reluctant—on account 
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of the riik of Jire—to allow the necessaA' large sioragc-tatiks at the 
ports of ard^'al. 

The enormous increase of maritime traffic of all kinds was aocom- 
panied by an important groivth in dm ices for guiding and guard¬ 
ing it. Although international co-operation in this field had been 
established in 1833 {p^ 369) and the use of steamships eventually 
facilitated the wort of the surveyor, the science of ooeatiography 
derived its first great impetus from the world voyage of the 
Challenger in 1872-6, and the 50-volumc rqiort w^hich followed. 
During the second half of the centur}^ the rmniber of British 
Admiralty charts approiimatcly doubled,, reaching 3,413 in 1900. A 
great increase in accuracy and speed of observation resulted from the 
i ntroduction in 1878 of sounding-machines, developed by Sir \V illia m 
Thomson (later Lord Kelvin) from earlier inventions. He used thin 
piano wire instead of a Kemp line^ a Teeter’ on the wire show^ed when 
i[ had hit the bottom; and there were tables that related the length of 
the wire paid out to the speed of the ship. This device was suitable 
for depths up to about 20 fathoms. Thomson was responsible alsfi, 
at about the same period, for the dry-card compass, which Js still 
standard equipment on merchant vessels. Patent h)gs w'ere another 
innovation, enabling the distance run to be read from dials w'ithout 
hauling the log on board: Massey’s was In general use by 1840, 
Walker’s by the last two decades of the ccntuiy^ .Meanwhile, the ex¬ 
tension of the electric telegraph made accurate time for longitude 
determination a\'ailable to mariners at the world’s principal ports. 
But perhaps the biggest advance of aU was in the increased avail¬ 
ability of one of the oldest of all aids to navigation. In 1850 the 
number of lighthouses and lightships in the whole world known to 
the British Admiralty was ii57o; by 1900 it w-as 9,424. The latter 
total has been more than trebled by the present day. 

It is esrimated that the mercantile marines of the world in 1800 
totalled about 4 million net tons, which is twice the figure calculated 
by Sir William Petty for 1666. The growth of commerce during the 
nineteenth century' may he measured by the fact that the total ton-* 
nage was more than doubled by 1840 and doubled again by i860; 
in 1886, the earliest year of precise returns, it was 17,910,000 tons; 
and 20,531,000 tons in 1900. The final figure is all the more im¬ 
pressive because fully two-thirds of it was steam tonnage, reckoned 
on an average to perform an annual stint four times that of the same 
weight in sailing-ships, which were genemlly slower and far less 
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punctual and reliable in their movements. As for the share of 
British mercantile marine in this huge development, for two decades 
after Waterloo the tonnage remained stationary at about 2,5^,000 
tons. At mid-centuT>^ Britain was believed to possess about fo per 
cent of the total of ocean-going ships owned by the pow ers, though 
she was then and up to the GvU War fast being overhauled by the 
United States. In 1900, however, the shipping fleet of the_United 
Kingdom, with 9,30411 ^ tons, was more than tw ice the of the two 

ne3ct largest fleets, the American and German, combined. WTiac then 
appeared to be a long-term preponderance was further secured by the 
fact that more than three-quarters of the British ships w ere steamers. 


THE GROWTH OP RAIt.W AYS 

'Che development of inland communications to meet the needs of 
the industrial revolution was above all the work of civil engineers, tor 



neither the narrow boat (70 xl? ft) "or the mail coach involved any 
striking new' departure in methods of construction. Nor were there 
any important new branches of technology that arose immediately 
out of the actual working of the canal s^-stem or the macadamized 
turnpikes. It was otherwise with the ladway train and track. 

The rail-way or wagon-way, as we have seen (p. 212), is very much 
older than the locomotive. By the late eighteenth century U was 
used as an occasional convenience for many purposes—rails to help 
a drainage scheme had been laid across Chat Moss, for example, a 
whole generation before the Liverpooi-Manchester railway came 
there—but still assisted mainly in the transport of coal (Fig. 175). 
The introduction of canals in Britain enhanced its uscfUlnc^ as an 
inexpensive link with the busy pit-head; in iSoo It wus brought to 
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the Ruhr as ^thc English cmI-road\ Long before the permanent ways 
of modern parlance, which wiJI be considered as a p^irt of building 
construction (p. 446), were driven across the countr>', development 
was beginning in the rail itself, which we will therefore make our 
starting-point, 

Lon replaced timber as a rail-making material at Whitehaven as 
^rly as 1738, but its more extensive use may be dated from the cast¬ 
ing of rails at Coalbrootdalc in 1767. As for shape, a broad plate-rail 
with a vertical flange on the inner side to hold plain wagon-wheels 
in position was the most iLsual, havmg the adv'antage that it did not 
* ■ debar the wagons which ran on it from run¬ 

ning along the public highway as w'ell. But 
edge-rails used in conjunction with a flanged 
wheel (Fig. 176) were also a device dating 
from q very early period, at least in the north 
of England, and were becoming more wide¬ 
spread at the time of their cmplojTnent in 
Trevithick s experiments w^ith locomotives, 
alrrady mentioned (p. 333)^ in South Wales 
and London (Fig. 177). Further advance was 
delayed by the brittleness of the cast-iron 
material, but in tSao experiments with the 
more expens.^^ wrought iron culminated in a patent for roiling 
«-™ught-.™n mto edge-rail., the durabiirt>- of which caused 
their adopiiun for the Liverpool and Manchester Railway in 1830; 
their use then became standard practice, Bv mid-century the British 

radways gencrall^mploycd double-headed iron rails^verydiffer- 

A inverted-T rail, designed 

by the American R. L. Stevens in 1830; this had a fhr foot reftine 

eil in Briuim 

As regards the ^uge, early British practiee has had great inllucncc. 

ifoe^wS w ” to Wandsworth in 

1S05, which was the first public radwav, had a eauce of onlv a ft' 

but the espctitnents which led to the supersession of hoLc traaion 

by the steam locomotive in the course of the 1820’s fp irr) tool 

between the wheels of the coal wagon, a tradition which may derive 


t M. 176. CDoJ-'n'^i^rt Kviih 
ttanged wlictl, 173^ 
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from the ancknt rut-road. The gau^ which w'as therefore adopted for 
the Stocktoji-Darlington railw^ay in 1S24 was imitated by other early 
British railways, and w-as in fact well suited to the low' centre of 
gravit}' of the early locomotives. The vemtile inventor Richard 
Roberts proposed a gauge of 5 ft 3 in., hut in practice the chief cjc- 
ception w'as I. K. Bruners Great Western Railway; its gauge of 
7^0^ in, was more expensive in land and consmicdon costs, but it 



FlCr 177+ TrtviLhidtV 'Caich-iiM-whixanV the worldV fiisl passenger 
railway, iSoS 


provided a smoother journey for more comfortable roUlng-^tocl 
draw'ti by more powerful locomotives* In 1846 the narrower gauge 
w'as given legal status, though the Great Western RaUw'ay did not 
remove the last of its broad-^uge track until British engineers 
abroad generally adopted the gauge to w'hich they w'erc accustomed 
at home, while in America 4 ft 81 in. was approved by President 
Lincoln for the Union Pacific line and became the standard, as in 
Britain, in 1885. But broad gauges were established in Ireland, the 
Iberian Peninsula, and Finland, as well as for the great distances of 
Russia and India. Narrow gauges, ranging down to z ft, were used 
w here e.xpense of construction, mther than capacity or comfort, was 
the main consideration. 
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In the 1840^5 the British railway network increased at an amazing 
rate, and the traffic became denser. Although the speculative railway 
mania of the middle years of the decade provided the immediate 
occasion for thU mushroom gromh, it should be noticed that it 
made possible by technologiial advance^ particularly the increased 
tractive power of the locomotives. The first main lines (London- 
Birmingham^ London-Bristol) depended upon the planning of their 

routes so as to achieve the absolute 
minimum of gradients; but by 1S40 it 
was found possible for the Birmingham- 
Gloucester railway to operate a two^ 
mile stretch over the Licltc}' hills with 
a gradient of i in 38, and even the pros¬ 
pective routes to Scotland then lost their 
terrors. As for speed and regularitj^ of 
sen^ice, the tvi-o qualities in which road 
and canal transport were inescapably 
defective, in 1849 locomotives 
achieved average speeds exceeding 50 
m.p.h. betw'cen London and Bristoh 
and by then Bradshaw's Cittdi: had 
been advertising precise train-times for 
ten years. 

The muhipHcation of junctions^ 
higher speeds^ and intensification of 
traffic required the development of an 
elaborate sy^stem of signals. In the earliest years it bad been deemed 
sufficient to place a signal at ‘danger' for some agreed period after the 
passage of any particular train, and the casuaincss of the system was 
made worse by each company's having its own style of signals. But 
after an experiment on the Londoti’Croydon line in 1840 it w'as 
realized that the semaphore, w’hich Chappe had invented to signal 
the orders of the French rev*olutionary government in 1793 (Fig. 
178), was particularly suited to the peareffil needs of the railway. By 
this time the electric telegraph in its most primitive form was com¬ 
ing into Use to transmit information betiseen stations: the first such 
installation v.js between Paddington and West Drayton (1839). This 
made it foible gradually to introduce the block system, the line 
being divided into 'blocks* by signal-boxes (Fig. 179); no new train 
was admitted into a block until the emergence of its predecessor had 



Fio. I'ipS- Cbi]>|K:^s semaphDdT 
for reliiying mcs^gics over lonj 
dbii3ina& 
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been reported the signalrnan at the farther end. Lifter in the 
century thi5 became the standard practice enforced on all British 
and most other European main lines. The interlocking of points 
and signals began at important London juncrions—first on the 
Hampstead Junction railway in 1859—patented^ but 
countries where distances were longer were mosdy content with 
single Uncs and a much simpler s>'stem of signalling. In America 
telegraphic train-<>rders were largely used for a long time to control 



Fifi, 1791- Early s^gml-boic, Victoria, LondcMi 

a vast single-track networkj although as early as i860 the London 
and North Western Railway had devised the train-staff system, by 
which the passing of a token to and fro made it impossible for two 
trains to be brought into the same single-track section from opposite 
ends by mistake. 

The second half of the century saw great Improvements in the 
track itself. As w ith shipping, the biggest change w'as the repbcc- 
ment of iron by steel, which proved to be about fifteen times as 
durable. The pioneer work as far as railways are concerned was 
done at Crewe, w here Bessemer steel v^'as both made and rolled into 
rails, the first successful trials being conducted in 1862* Steel rails 
for the rapidly expanding , 4 merican railw-ays were being made in 
Pennsylvania in and in 1869 contracts for importation were 
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placed ’With a Sheffield firm- Although steel rails could he lighter 
than ci^umlent iron ones, rails increased in weight to meet the re¬ 
quirement of heavier and faster trains. There w'as abti an improve¬ 
ment in rail-joints. Before the fifties the rail-ends were merely 
keyed into a common chair, but R. L. Stevens in America then in-- 
troduced fish-plates—narrow'plates bolted to the web of each pair of 
rail-ends at both sides. 

From the point of view- of the travelling public, hoa ever, the most 
noticeable feature of any railway was its stations. To begin with, they 
served for carriage sheds as ’well as to shelter passengers, and even 



Fig. Biker Sij«rt stsf^n, LonJatL, iBri3 


when the great city' termini began to blossom forth in huge arched 
roofs of iron and steel (p, 411), their splendid spaciousness w'as 
necessitated largely by technical considerations of lighting and ven¬ 
tilation, arising from the need to move crow'ds of people and in¬ 
numerable packages in a confined space ’while locomotives waited 
with steam up. Fan-shaped metropolitan termini j the layout of plat¬ 
forms as islands by-passed by through-lines on cither side; and the 
complete separation of goods and passenger stations, were three Vic¬ 
torian solutions of the difficult technical problem of making a large 
railway station accessible for both the railvi^y and its would-be users. 

Towards the end of the century, resort was had in some urban 
areas to the immensely ctistly expedient of taking the railway below 
ground. This began in 1S63 with the Metropolitan railw'ay, w'hich 
passed through ceocrai London in a buik-over cutting just below 
street lev'el (Fig. iSo). One of its chief functions was to iinh up the 
principal railway stations north of the river, and it was worked by 
steam-locomodves provided w'ith surface-condensers, which were 
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intended' — but not ijifinequently failed — keep the air in the tunnds 
from becoming quite intolerable* The first ‘tube* in the modem 
sense T^as the Gty and South London railway^ passing under the 
bed of the Thames and budt in true tunnel fashion^ ^hich was 
operated by electric locomotives of 150 h.p* This was opened in 1890^ 
and by the end of the ccnany the completion of two more London 
‘tubes^ the Waterloo and Oty and the Central Loudon lines^ showed 
that an acceptable solution had been found for the traffic problem of 
the capital, while a subw'ay with cable tracdon had also been intro¬ 
duced in Glasgow, Even more important for the future was the 
opening of the first main-line electrification in A.merica in 1895; this 



Fia Supbc-midn''s in the 

opening procession of the Stogilion-Dariing:tim niltny 


was in a 4-jnile tunnel under Baltimore. The first electric raiiway, 
which was 300 yards long and conducted the current to its 3 h.p. 
engine along a centre“raih had been seen at an exhibition in Berlin in 
1879, but down to the end of the century the chief use of electricity 
in local transport was for the tramway* 


The material progress of the Victorian age Is well epitomized in the 



drawn coach, designed by Stephenson, and owned by the Stockton 
and Darlington Company in 1825 (Fig- iSi). WTiile railway travel 
was a novelty, and speed alone could attract custom, It was sufficient 
for the appearance of the first-class coach to Tremble the vehicle 
from w'hich it had its name, except that Wihat w'ould have made up 
three or even four horsoKlraw^n vehicles was now mounted on a single 
frame (Fig* 182). As for the third-class, It resembled the open wa^n 
in VL'hich its occupants a few years earlier might have expected to 
travel—at a walking pace: the exposure and discomfort of the new 
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accommodation vt-as at first overlooked in the exhib ration of its con^ 
quest of distance. These early coaches ^^'ere four-wheeled or, excep¬ 
tionally, six-wheeled; the first eight-wheeled coach w'as introduced 
into the broad’^uged Great Western in 1852, but such carriages 
continued to be a nirit}- for tvi'Cnt)^ years, Though the bogie-truck 
was patented by an Englishman, William Chapman, in 1812, the 
regukr provision of bogies at each end of a long passenger-coach to 
fadlitate the taking of curves was an American inno^'ation, a valuable 
precaution against derailment on imperfectly laid tracks. 

In passenger-coach design America led the way, not only because 
the long distances made the introduction of such amenities as sleep¬ 


ing-cars, dining-cars, and bva- 
tory facilities a vimial necessity', 
but for the more interesting 



i reason that the most obvious 
model in American eyes was nor 


Fja Firsts W«t- horse-drawn vehicle, but the 

cm Riiivny, 1&39 lottg cabiu of thc Canal- or river- 

boat. Russia was a close imitator 
of American practice. A higher standard of comfort for those who 
would pay for it entered the British railw^ay system with the first im¬ 
ported American Pullman cars in 1874. In the veiy' next year, how’- 
ever, the Midland Railway set a standard, w hich few foreign countries 
even attempted to match, by the introduction of upholstered seats 
for all classes of passengers. W^hat Is now the regular type of British 
side-corridored coach, made up of small compartments with lava¬ 
tories at cither end, first came to Britain in 1882 as a small version of 
an Austrbn vehicle. Electric lighting from a dynamo beneath the 
coach was not patented until 1896, though an electrically lit Pullman 
car, imported from America, was running between London and 
Brighton in 1881: in this, the electricity was derived firom storage 
batteries. 

In two other important matters of railway practice, America with 
its long distances led the way. At an early date, America adopted 
huge freight-cars with double bogies and an automatic central 
coupler. Europe, however, continued to mate do with small four- 
wheeled wagons, such as a team of horses might have drawn, and to 
use the scrcw'-couplings and side-buffers, which had been invented 
in the 1830^5; many such trucks are still in use. Even more remark¬ 
able was European indifference to the need for improved braking 
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systems. A steam-brate was invented by Robert Stephenson in 1833, 
but anything more than a hand-brake on tender and van was long 
regarded as a luxury . In 1875 in a test at Newark the American 
Westinghouse brake—-worked by compressed air, condnuous, and 
automatic m the event of the train dividing—proved its ability to stop 
a 2oo-ton train at 50 m.p.h, in less than r,ooo ft. An effective British 
vacuum brake was patented by J, F. Aspimll in 1879, thirty-five 
years after the earliest patent had been taken out by Nasmyth. Yet 
it vi'as not until eighty people were killed in a collision near Armagh 
in 1889 that automatic continuous powet’-brakes were made com¬ 
pulsory for British passenger trains. The result W'as not only to avert 
many possible disasters and to reassure the anxious traveller, but to 
Improve the timing of express trains by enabling them to ptili up 
more quickly. 

Although railways, as we have seen, originated in the needs of 
heavy go^s traffic, especially coal, their development in Britairi in 
the early years of the locomotive received an unexpectedly large 
stimulus from passenger traffic, w'blch at the dme of the boom in tbe 
middle 1840^5 provided almost two-thirds of the earnings. During 
the second half of the century the railway mileage of the United 
Kingdom grew from 6,621 to 21,855 tniles, and the number of 
passengers carried (exclusive of season-ticket holders, a class of pas¬ 
senger indiotive of social change) from 73 millions to 1,142 millions 
a year. The weight of the goods carried also increased enormously, 
from 90 milHon tons in r86o to 235 million cons In 1880 and 425 
million tons in 1900, but their share of the total earnings, though 
larger than before, never reached 60 per cent In the same period the 
railways of the United States grew from a len^h of less than ro,oao 
miles in 1850 and 50,626 on the eve of the Gvil War to 93,261 miles 
in 18S0 and 198,964 in rgoc^-che last figure being nearly 23,000 mil« 
greater than the railway mileage of the whole of Europe. Their 
functions were correspondingly important: whereas in Britain and 
other long-settled EuropraLn countries the railway for the most part 
stimulated the social life and developed the trade of exisdng com¬ 
munities, in vast areas of America it created the community and the 
trade. On American railways, acct;rdingly, with fo^^ freight cars 
to every passenger car, more than 75 per cent of earnings came from 
goods traffic. 

Mention has already been made of the electric tramway (p. 383). 
When the steam locomotive replaced horse traction for long-distance 
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rail transport, the horse omnibus—brought from Paris to London in 
1829—was just coming into use as a popular street conveyance. 
Rails had ob>ious advantages for a heavy vehicle pulled along rough 
stone surfaces, so the first tramway car, with a 30-scatcr omnibus 
body mounted on four flanged wheels, ran along the Bowery, New 
York, as early as 1832. The sji-stem spread to some other American 
cities, in 1855 to Paris, and in 1860-1 to Birkenhead and London. But 



Fia 183. Electric tram on the Frankfurt-am-Main and OfTcnbodi service, with oter- 

bead supply, 1884 

neither a rail with a deep wide poovc, which was first adopted, nor 
a 5-in. flat rail with a |-in. high step at one side, introduced in 
Philadelphia and the t>'pc first laid in England, w-as free from danger 
to other traffic. The first London tramway was taken up again in 
consequence, but the modem flat-grooved rail w’as produced in time 
to save the situation in the provinces, and the Tramways Act (1870) 
was passed to encourage local de\'clopmenr. Traction methods also 
began to be improved towards the end of the decade, when the in¬ 
troduction of girder-rails provided a stronger track. As horses or 
mules, up to four in number, maintained an average speed of only 
6-7 m.p.h., use was made of steam-power, sometimes by means of 
an underground wire cable attached to a stationar}' engine, more 
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commonly in the form of an enclosed locomotive coupled to the car. 
The steam tram, howc\'er, was noisy and dirty. In Britain it was 
popular only in the industrial districts—there are many references 
to it in Arnold Bennett’s desenptions of The Potteries; elsewhere, 
horse-traction held its own until the last decade of the century. 

Electric trams, deriving their power from overhead lines and bear¬ 
ing a strong resemblance to those still used in many continental 
dti<^ were in use in Germany by 18S4 (Fig. 183), and the first ex¬ 
tensive overhead trolley s>’5tem in the United States was built at 
Richmond, Virginia, in 1888. In Britain, electric traction was suc¬ 
cessfully installed at Leeds in 1891; other large towns followed, but 
ten years later London had no more than 16 track miles converted. 
The golden age of tramw-ays then quickly followed, though in Britain 
their value to the community was always restricted by their parochial 
systems of management; Leeds and Bradford, for example, though 
near neighbours, clung to their respective tramway gauges of 4 ft 
8( in. and 4 ft. 

THE ROAD-STEAMER AND THE BICYCLE 

The railway conferred enormous social as well as economic advan¬ 
tages, not only by reducing the physical barrier of distance, but by 
lowering the no less frustrating barrier of class. Travel, unaccom¬ 
panied by privation, was made a\'ailable indeed to all except the very 
poor, but it was a disciplined form of travel, and as the high-roads 
became empty and silent the individual seemed to lose something of 
the freedom of self-expression which we find in British travellers 
of the pre-railway age as depicted by Borrow, Surtees, or Dickens. 
The development of mechanical road-vehicles, culminating in the 
last quaner of the century, therefore has an interest far beyond the 
modest place which it occupied in the economic life of an age when 
the motor-car was still a curiosity, while bicycles, though numerous, 
had sarccly descended to the practical uses even of the errand-boy. 

It is at first sight rather remarkable that neither steam nor elec¬ 
tricity should as yet have powered a generally satisfactory all-purpose 
road-carriage. The first pioneer was N. J. Cugnot in France, who 
nude a steam-driven three-wheeler move at walking-pace in 17^ (sec 
Fig. 150). The idea had also attracted the attention of the American 
inventor Oliver Evans, and of Boulton & Watt’s employee William 
Murdock, before Trevithick built his steam road-carriages (p. 332). 
He was followed by a fellow G)nushman, Sir Goldsworthy Gurney, 
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who in 1831 pcrfcacd a sieam-carriagc that provided a regular 
service between Gloucester and Cheltenham—9 miles in 45 minutes; 
within the next three years there was a steam-driven ommbus in 
London, covering an 8-milc route in less than one hour on one sack 
of coke, and similar enterprises in the neighbourhood of Glasgow 
and other large towiis. Church’s steam-carriage (Fig. 184) is of ap¬ 
proximately the same date. But stage-coach proprietors and others 
whose interests were threatened drove the new vehicles oflf the roads 
by heavy tolls: the Liverpool-Prcscot Turnpike Trust, for example. 



Fio. 184. Church’s steam-driven road carri^, 1833 


charged 4^. for an ordinary coach but 48^. for a steam-coach. The 
triumph of the railway locomotive in the next two decades had a 
double effect. On the one hand, its success suggested that a road 
locomotive must also be fully practicable; on the other, a powerful 
new interest had been created which naturally sought to keep traffic 
off the roads. In Britain, the so-called Red Flag Act of 1865, as 
amended in 1878, restricted all mechanical road vehicles to a speed 
of 4 m.p.h. and required them to carry a crew of two, with a third 
man going ahead to give w’aming. 

The road-steamer invented by Thomas Rickett in 1858 resembled 
a curious cross between a railw-ay-engine and an invalid-carriage. It 
seated three behind the tiller, carried a stoker standing on the pbt- 
form at the back, and was normally driven from the rear offside 
wheel alone. Other models followed, ranging from a fully enclosed 
steam-coach (Fig, 185), which might weigh as much as 4^ tons, to 
the stcam-tricv’clc (Fig. 186), developed in France in the i88o’s. 
One of the makers of steam-tric}xlcs. Lion Serpollet, invented an 
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instanuneous steam-generator, which w'orked by pumping a small 
quantity of wracer through red-hot <]oils of nickel-steel tubing. He 
adapted this to a four-cylinder 
engine for a steam-carriage in 
1854, American finan¬ 

cial support this vehicle became 
well known in Britain and 
France. In America, too, suc¬ 
cess came at the very' end of the 
century, when a twin-cylinder 
engine—fitted, like some of Scr- 
poUet’s later models, with a 
petroleum burner—w as used by 
the brothers Stanley to drive a Fm. iSs. Rindolph's 1S71 

w'ooden two-seater vehicle with 

a total w'eight of only 7 cwt. Their steam-cars enjoyed a considerable 
vogue—until the new era in which the Model Ford swept the 
market. 



Only the steam tracrion-engine, how'cver, had a long-term future. 
As early as 1871 there w^ a type of road-steamer with solid rubber 
tyres, manufactured in Abcr- 
dccji, which was exported as far 
afield as India, where it drew' 
two-wheeled omnibuses. But 
the main line of development 
was through the steam-plough, 
first introduced about 1850 as a 
portable engine placed at the 
end of a field to draw' a plough 
along it by a wire rope. Half a 
dozen years later it was judged 
more convenient for the engine 
itself to move to and fro across 
the field. By 1870 the steam 
traction-engine, with the cylin- Fio. 186. Scrpolkt's iicanv-iricyiie, 1887 
der at the front of the boiler, 

gear transmission, and wheel-steering from the driving position, 
had reached Its modern form. Their tractive power was very great, 
so that it was a long time before the heavy' petrol-lorry and trailer 
could compete with them effectively, especially in the industrial 
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north; as the showman's engine^ w^hich could also be used to tkim 
the contraptions it puJJcd from fair to fair, they lasted even longer* 
But at the pr^nt day virtually the only steamer still to be met w ith 
on the roads is an occasional example of the heavy and almost im¬ 
perishable road-roller (rre Fig. 217), first propelled by steam in 1867. 

The road-steamer was practicable but cumbrous; the self-sufficient 
electric carriage an ideal mode of conveyance, but impracticable* 
Its history begins when suitable storage batteries (p. 612) became 
obtainable, about iSSo, and a tricycle, a cab, and a dogcart were 

all produced experimentally in 
quick succession. In 1S99 a 
cipr-shaped machine built for 
3 Belgian established a w'orJd 
speed record on land of nearly 
66 m.p.h,, but in the same year 
the London Electric Cab Com¬ 
pany, with thirty-six cabs in use 
and more than this number 
under construction, w'as wound 
up after only two years' operation. These cabs are described as 
having been heavy, slow, and jerky—bur the contemporary hansom 
cab and the ^grov^lcr’ had their limitations, too. The design w*as neat, 
and although the battery restricted the range to 50 miles on a single 
charge, ^rangements were made for its rapid replacement. Never¬ 
theless, it was the limitation imposed by the need to carry and 
recharge hea^y storage batteries that prevented electric carriages 
becoming popular and gave the future to the petrol-driven motor- 



Fro. 1&7. The hubhy-hoRc, r. i8i|i 


car. 


MeaimhUe the bicycle, which brought new life to the roads, 
romance to the young, and emancipation to the wcalcr sex was a 
technological development which in the iSgo’s and iSgo’s did much 
to transfom the leisure hours of civilized man. The idea of pro- 
pcUing oneself along by the feet while seated asuidc a two-wheeled 
nuchme goes back beyond the nineteenth cennirv, but it was in 

/u- e V his ‘Dtaisine’ 

(Fig 187). A pad provided on the front of the frame, so that 
^e rido might lean forw ard to get the maximum impetus out of his 
kick; the pritmtive sicenng-bar derived additional importance 
from the fact that there was no brake. Treadles linked to the rear- 
wheel—which we think of as the essential feature of the hicvcle— 


n THE ROAD-STEAMER AND THE BICYCLE 391 

added by 3 Scotsnmn} K. Maemilian^ about tw^enty years Jater, 
and he also mDoduced a brake; but it Vfus a Frenchman^ Pierre 
Michaux, who, m the i 36 o's, put cranks and pedals directly on to the 
front wheel and formed a company to manufocture his ‘¥elocipcdes\ 
The bicycle industry {like its concomitant, bicycle racing) thus be¬ 
gan in France, whence it spread to Coventry in 1869. Fifteen years 
later there were more than 200 varieties on the market, if we include 
tandems (Fig. 1S8) as wxll as dicj'clcs with two parallel w^heels, 



Fig, r88. Dtsifa for a ibiuIeiii, iS6^ 


tricycles, and even four-wheelers. For a long time the predorninant 
type, the ^ordinary' bicy cle or ‘penny-farthingV was that in w'hich 
the rider was precariously balanced over the front wheel, which vi^as 
made as Urge as possible to maximtie the distance covered by the 
wheel for each revolution of the pedals (Fig* 189). It was the use of 
geared-up chain-drive to the rear wheel which made possible the 
model originally known as the ‘safety* bicycle, in which a more 
satisfactory balance and better steering and braking were achieved 
by returning the rider to a position between two wheels of equal 
dimension, though with the bulk of his weight apporrioned to the 
back wheel. Such a machine was first adumbrated in 1876, but com¬ 
mercial success was not achieved until the Rover bicycle of 1S85 
(Fig, 190). Apart from the introduction of the motor-cyxie (to be 
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considered in the nesit section) tvi'o other important mnov-adDiis were 
made by the end of the century which brought the bicjcle substan¬ 
tially to its present stage of development. One was the free-wheel; 
the other was the improvement of the steering by curving the front 
fork so as to place the steering column in line with the point of con¬ 
tact of the wheel with the ground. 

In iSSS 3 Belfast veterinary surgeon, J. B. Dunlop, invented the 
pneumatic tyre (p. 529) for the benefit of his ten-ycar-old son. This 



Fia [S9. Eudgv'ordiruiry' biqr'ClcjSS4 



FtO. 19a. Rover fiifcty bicycle^ jSSj 


device had been patented as early as 1845, but at that time the de¬ 
mand for more smoothly running horse-drawn carriage was not 
sufficient for commercial success* But whereas in a carriage much of 
the road-shock was absorbed by the suspension, the cy'disfs con¬ 
tact with the ground w'as far more direct, so the pneumatic tjTC 
rapidly became standard equipment. The same device also proved 
applicable to the needs of the newly arrived motor-car. 

THE EARLV MOTOR-CAR 

Although petrol-driven v'chicles in essentially their modem form 
had been developed by the end of the century , they differ from the 
mechanically propelled vehicles we have so far considered in that 
thdr social impact came later. Steam-driven vehicles had, as we have 
s«n, a modest success, especially for hea^y-duty w-ork, but they had 
disadv'amages which limited their appeal to the private user. Not 
only were they slow and cumbersome, hot and dirty—for passengers 
had necessarily to sit close to the boiler—but they needed txmsidcrable 
prej^ration before a journey could he made and also frequent at¬ 
tention while on the road. Al^y of these drawbacks might have been 
reduced in time, had nor the advent of the pctroI-car offered such 
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immediate advantages that there yv^ little incentive to proceed with 
attempts to improve steam-cars. 

The evolution of the interiial combustion engine itself is described 
elsewhere (Ch* ^i): here we are concerned only with its application 
to transport An Austrian inventor, Siegfiicd Markus, U reported to 
have mounted such, an engine upon a handcart about the year 1S64, 
and the Technical Museum in Vienna stiU preserv'es a vehicle built 
by him about ten years lattL This is a heavy, clumsy object with a 
horizontal single-cylinder four-stroke engine, gix-ing a maximum 
speed of only 5 m+pnh., and is steered by a hand-wheel swivelling 
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the entire fore-carriage, as in a cart. Nothing came of Markus's in^ 
ventions, however, and Karl Benz of Mannheim may properly be 
regarded as the lather of the automobile. The single-cyUndered light 
vehicle, first constructed by him in 1885 and in the following year 
driven through the streets of Munich, Had a vertical crankshaft at 
the tear of the car, and a belt-drive which could be moved from a 
fixed to a loose: pulley, thus acting as a clutch to allow the engine to 
be run in neutral (Fig. E91). A small tiller controlled the single 
front wheel; the speed was about 8 m.p.h. Eight years later Benz 
elaborated his design into a four-w^heelcd car with horizontal crank¬ 
shaft, as in all modem cars, and two-speed beltnlrive, and this 
3i h.p. machine was built in hundreds by the end of the century. 

The launching of Benz's first design was followed munediately by 
the first high-speed engine, the achievement of a fellow-Gennan, 
Gottlieb Daimler of Wiirttemberg. His compact, verdcal, single- 
cylinder engine (p. 605), rotating much faster than Benz's, was tried 
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out on a motor-cycle in 1886, and in 1887 at the rear of an experi¬ 
mental carnage. He then produced various designs of four-wheeled 
motor-carriages, all of them employing belt transmission. These 
were product at the Cannstatt works near Stuttgart, and are the 
ancestors of the Merc^'ds cars» 

'Fhc earliest English pioneer was Edu-ard Butler, whose ‘petrol 
cycle’ was designed in 1884, but was not built and tested until four 
years later. This had a hortzontal, twin-cylinder engine driving a 
single rear wheel, which could be lifted dear of the ground by a 
foot-lever for starting. There was promise in Bu tier’s use of electric 
ignition, but he gave up his experiments because of the restrictions 
of the^Red Flag Law, which effectively' handica pped British inventors 
until its repeal in 18916. Another pioneer vehide w'as one built in 
Denmark in 1SS6; it wa.s steered with a wheel instead of a tiller, had 
a leather-lined cone-dutch for the driving of each rear wheel, so 
that there could be some slipping at curves (a problem eventually 
solved by the rear-axle dUferential gear), and made provision for 
taking the drive from the camshaft so as to go into reverse. The 
French began with Daimler engines built under licence in Paris, 
but they quickly developed a layout of their own, initiated in 1891 
by Panhard and Levassor, which, with modiJications in detail, 
rapidly ^came standard practice for nearly all other makers. The 
twin-cylinder engine at the front was connected through a friction 
dutch to 3 three-speed whence there was a central chain 

drive to the rear axle, which included a differential gear. 

From 1895 onw’ards, English and American designers become in¬ 
creasingly importanL The first three-wheeled Wolseley w^ designed 
by Herbert Ausnn w'hile he was still in the employment of the 
tto^lcy Sheep Sheanng Machine Company. This had a balanced, 
hon^ontally-opposed, tw^n-cylindcr engine, mounted on a steel tubu¬ 
lar frame I a roller chain linked the gear-box with the single rear 
wh«l; the 2-h.p. engine was air-cooled. But tcchnologicaUy a more 
striking figure is that of F. W. Lanchester, who w'as aheadv an en¬ 
gineer of distinction before he set out to design a motor-vehicle He 
was the fii^ to study the new vehicle from first principles; earlier 
designers had been very much influenced bv the design and con- 
stru^on of horse-drawn carriages—the early name of ‘horseless 
carnage’ is an mdicarion of this preoccupation w ith the past. Several 
features w hich Lanchester introduced in 1S95-6 (Fig, jg2) are to be 
found in every modern car. The single-cy linder atr-cooled engine of 
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his first 5-h.p, machine is described elsewhere (p* (k>6); it also had an 
cpic}'clic g^-bos, giving low and reverse speeds as well as direct 
drive on high gear, together with tangentially spolicd wire wheels 
(already in use for bicycles) and Dunlop pneumatic tyres. 

In the new century, how'ever, all other companies faded into in¬ 
significance, so far as scale of operation was concerned, by comparison 
with the Ford Motor Company, founded in 1903. Henry Ford had 
his first car imnning as early as 1896, and had been developing his 
ideas for it since 1890, It had a twin-cj^linder water^-cooled engine, 
placed in the rear, and belt trans- 
mission, but it was tiUer-stecred 
and the wire wheels had solid 
rubber tvTcs; nevertheless. Its 
maximum speed of 25 m.p.h* 
compared favourabiy with that 
of most European models of the 
same date, Ford improved upon 
this in his second model, and 
by 1908 w^as ready to make the 
world motor-minded with the 
mass-production of his Model 

, w'hich was sold for nineteen years, without any major change 
of design, to a total of 15 million customers. 

Like the mass-produced tourer, the heavy loriy and the motor 
omnibus were important developments from nineteenth-century 
technology which it was left for the twentieth century to experience. 
Mention must, how■c^i^cr, be made of the development of the motor¬ 
cycle, which w^as the subject of Daimler^s first patent application for 
his high-speed petrol-engine in 1885, The engine was mounted 
vertically between the wheels, the drive being to the rear wheel by a 
lather band, which could be tightened or slackened at will by the 
rider, but it is doubtful whether the trials of this machine were suc¬ 
cessful, A second motor-bicycle, driven through cmnb and con¬ 
necting-rods, was built in Germany in 1893, and was manufactured 
from 1895 onwards in an improved form in France. Finally, the 
brothers Werner, Russians w ho settled in France, experimented with 
putting a small motor on a safety bic>dc. Their first patent was for a 
system of front-wheel drive, with the engine placed above the wheel, 
but in 1900 they brought the engine back to the midway position 
between the wheek, where Ehimler had had it. This was the 
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prototype of the modem motor-cydej ivkich leapt into popularity 
in the years immediately preocditig the First World War. 

INITIATION OF THE CONQUEST OF THE AIR 

We have seen how new inventions enormously reduced the diffi¬ 
culties of transporting persons and goods by land and by sea. Dur¬ 
ing the same period the problem of sending messages was solved by 
the introduction of telegraphy, telephony, and wireless (p. 621-9), so 
that ultimately a message could pass round the world in a matter of 
seconds. There remained the conquest of the air* The main histoiv' 
of the lighter-than-alr machine falls just within our period, for the 

first Zeppelin, virtually the end 
of this line of evolution, was 
launched in 1900. But the 
hcarier-than-air machine, with 
which the future lay, depended 
upon the development of the 
internal combustion engine to 
provide a sufficiently light and 
powerful prime-mover, and did 
not achieve its first successful 
flight until December 1903. Its impact upon mankind being purely 
a twentieth-century phenomenon, only a few threads of its early 
history can be examined here. 

Man has always wanted to fly, as witness the myth of Daedalus 
and Icarus* The flight of the bird has always symibofized for him 
unimpeded transportation by a route of unparalleled directness and 
apparent ease* The Chinese flew kites, possibly induding man¬ 
lifting kites, in the first millennium d.c, while L^nardo da Vind^s 
inquiries and speculations about the problems of flight represent 
only a Renaissance intensification of an interest which can be traced 
back through the Middle Ages into the world of Greece and Rome. 
In the eighteenth century Emanuel Swedenborg produced a detailed 
design (Fig, 193) for a light-weight flying machine of the orai- 
thopter type. The wings, which were to expand on the downward 
stroke and fold on the upw'ard, w ere to be worked by springs con¬ 
trolled by the aviator, and stability^ was to be achieved by means of 
a weight suspended below the centre ofgtavi^* Interesting though it 
is, there is no en.adenoc chat any serious attempt was made to trans¬ 
late Swedenborg’s design into practice. That buoyancy in air is 
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povcrixcd by the same Archimedean principle as governs the floadng 
of solid objects in liquids^ seems first to have been clearly under¬ 
stood by a scvcnteenth'Century Jesuit, Francesco de Lana^Terzi, 
But successful balloon ascents 
began in France in the age of 
Lavoisier and the Encylopaed- 
ists. Though hot air \%'as em¬ 
ployed on the very first occasion, 
it was only a nutter of days 
before knowledge of the pro¬ 
perties of hydrogen, discovered 
in 1766, was used to make a 
more efficient lifting device. 

These first two flights were 
made from Paris, in bte Novem¬ 
ber and early December 1783 
respectively, by two pairs of 
adventurous Frenchmen, in¬ 
cluding on the second occasion 
the famous physicist J* A. C. 

Charles, w'ho had suggested the 
use of hydrogen and who after¬ 
wards went on alone to reach a 
height of 9,000 ft 
Hardly more dian a year 
passed before the first crossing 
of the English Channel (Fig^ 

194). In the course of the nine¬ 
teenth century balloons were 
used for meteorology and the 
examination of the upper atmo¬ 
sphere to a height of 25,000 ft; 
for occasional air photographs 
and emergency transport (as 
during the siege of Paris in 
1870); and even for an iU-fated attempt to reach the North Pole 
(i%7). Captive balloons w ere used for miUtajy observation as early 
as the battle of Fleurus in r794, by the Federal Army in the American 
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Gvil War (see Fig. r39), and by the British in South Africa--to ^y 
nothing of imaginative proposjals, such as one for their participation 
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m a Napoleonic invasion of England (Fig» 195). Yet the chitf use of 
the balloon vi-as at fairs and fetes^as early as 1810 the installation 
of a new chancellor of Oxford university was celebrated by a balloon 
ascent from Merton Fields—often as an evening spectacle illumin¬ 
ated by fireworks^ or dramatized by parachute jumps: so long as the 
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balloon remained at the mercy of the wind, its practical usefulness 
was limited. 

The problem of propuEion was a difBcuIt one, even after the ob¬ 
vious preliminary step had been taien of giving an elongated shape 
to the envelo|K^ the light but pow'erfiil engine required was not 
available pending the development of the petrol engine. In 1852 
the French engineer Henri Giifard experimented with a 3-h.p. 
steam^ngine driving a three-bladed propeller (Fig. 196); this 
achieved stcer^e-way, but little more. In 1884 a balloon fitted with 
a 9-h,p. electric motor driven by e^cdally light batteries attained 
a speed of 14 m.p.h. on a drciikr flight of about 5 miles, and at the 
very end of the century France—where both these experiments had 
been conducted—was building both large and small airships, which 
were flown with considerable success, especially by the Brazilian 
aviator Santos-Dumont, These were all pressure-airships, in which 
the gas maintained the shape of the envelope. 
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The Germans adopted the alternative plan of building a rigid air¬ 
ship, of which tJie streamlined hull enclosed a scries of self-contained 
gas-bags; nacelles^ carrj'ing the engine and crew-j were suspended 
below. Rigid airships were made much bigger than the pressure 
type, and the first attempt to fly one, in 1897, proved a failure. 
But they were enthusiastically promoted by &>uiit F. von Zeppelin, 
who bunched, in the summer of 1900, the first of the long series to 
which his name became attached. They played such a spectacular, 
though largely ineffective, part in the early years of the First World 
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War that the virtual extinction of the airship in the 1930^$. could 
hardly have been antidpated. One major problem, never satisfac¬ 
torily solved, was that of obtaining the necessary lift with safety. 
Hydrogen is by far the lightest gas known, but in admixture with air is 
violently explosive, and this was the cause of many disasters. Helium, 
discovered in 1895 but not commercially available until mneh later, 
and then only in limited quantities, is completely Inert but has only 
a quarter of the lifting power of hydrogen. 

The apparent promise of airships and the pbuslbility of attempt¬ 
ing direct imitation of bird-flight distracted many inventors from 
making a correct approach to the problem of flight, which lay 
through the kite and the glider^ The father of modem aerial naviga¬ 
tion was Sir George Cayley, who not only saw', as a few other pio¬ 
neers had seen, that fixed w'ings w'crc essential, but in 1804 began a 
series of experiments in the flying of model gliders from hilltops. He 
continued his tests for almcst hadf a century, in the course of which 
he is believed twice to have achieved success—to the extent, that Is, 
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of flying a glider for 3 short distance with a human o^upant (Fig. 
197). Experimenis with gliders^ aimed at securing stabilitj^ and con¬ 
trol with 3 fuU-sisKrd machine, contmued after Cayley's death, and it 
was on his principles that success was finally 
achieved by the German, Otto LiUenthalj, 
and his English follower, E- S. Pilcher, In 
the iSt^^s Lilienthal made more than a 
thousand glides in his so-called ^hanging 
glider^ (Fig- 198)- Pilcher also achiev^ed 
towed flight, but these two great pioneers 
w'cre killed in gliding accidents in 1896 and 
1899 respectively, so that it is impossible to 
tell how much they might have achieved 
with the ideas for applying power to their 
gliders, on which they were working in their last years. It is quite 
pKiissible that they might have anticipated the achievement of the 
Wright brothers, who themselves made a systematic study of gliding 
before attempting powered flight. 

Meanwhile, there bad been experiments from 1827 onwards in 
developing a man-lifting monoplane kite, such as may have figured 
among the large kites flown by the ancient Chinese. But there were 
no practical results until the more efbeient box-kite with biplane 
lifnng-surfaces was invented by L. Hargrave in Australia in 1893; 
this w'as influencing the ideas of Pilcher at the rime of his death* 
Among others who saw the significance cf the box-kite was the 
French engineer and gliding pioneer Octave Chanute, w ho passed 
on the notion of the trussed-biplane structure to the Wrights and 
encouraged them in other ways. 

Although the glider was of paramount importance, it would be 
wrong to ignore other nineteenth-century' dev'elopments which pre¬ 
pared the way for the final achievement of 
the Wright brothers* For example, there 
was a Chard lace-maker, John String- 
fellow, who in the year of revolutions, 
184S, succeeded in flying a fiied-wing 
model aircraft on a wire. Prom the 1350's 
onwards there were model aeroplanes 
which took off from the ground and made flights under various 
forms of power—tw'isted rubber, clockwork, steam, or compressed 
air. The French w'erc the most prominent pioneers in this, though 
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Hargrave also played 2 considerable part. There was even a dart¬ 
shaped design which it was proposed to propel by a steam jet; this, 
hke the development of the fin-stabilked Hale rocket for militarj' 
purposes, anticipated fay nearly a hundred years the Une of mid- 
iwendeth-century' man^s most spectacular advance in aeronautics^ 
In 1896 the use of models culminated in the achievement of an 
American professor of astronomy, S. P. Langley, whose steam- 
powered monoplane with a i6-ft wing-span flew three-quarters of 
a mile. 

Yet it is the event of 17 December 1903 that truly marks the end 
of the nineteenth century-. The Giilless pusher biplane, powered fay 
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a 12 h.p. petrol engine, which the young American bicyxlc manu¬ 
facturer Orville Wright flew- that day, was home-built by himself 
and his brother Wilbur (Fig. 199). The first flight covered no more 
than 40 >-ards and lasted t2 seconds, but w-hat had been triumphantly 
demonstrated was man^s capacity to convey himself through the air 
by the use of heavicr-than-air machmci^, with adequate control of 
speed, height, and direction* The American press, nevertheless, en¬ 
tirely ignored the ev-ent, and it was not until 1908 that the Wrights 
invention, improved in successive years, was taken up in America and 
Europe* Before that, the Brazilian aviator Alberto Santos-Dumoni 
had made the first flight in Europe in an independently conceived 
but inferior biplane; the Voisin brothers at their French factory had 
designed a superior boac-kiie biplane, from which the modem tractor 
biplane w-as evolved; and their associate, Louis Bi^riot, was design¬ 
ing the monoplane in which he next year flew the English Channel 
(Fig. 200). The essential technical ev olution was thereby completed, 
for with the growth of the theory of aenodynamics'-'to which the 
nineteenth century made virtually no contribution save that of 
Cayley—the monoplane design bi^mc supreme. It was abo the 
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dramatic beginning of a new period of political histojy, in which 
man^s new mastery of a third element intervened to complicate and 
perhaps eventually to obliterate the age-long rK-alries betw^een land 
power and sea power. 
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BUILDING CONSTRUCTION: 
REQUIREMENTS OF URBAN 
COMMUNITIES 

THE CIVIL ENGINEER 

r FiE gTo^\th of population and rapid Ladustrbl changes of the 
period 1750-1900 called for an immense amount of budding 
construction. Some of thisj like the permanent W2y for the 
steam lijcomotivc to travel on, was whoHy new. Other elements, such 
as the water-supply and drainage systems of large rowTts, were very 
largely new in technique and scale if not in inception. Domestic 
huusing, though it followed on the whole traditional forms, made 
use of new materials and new^ techniques of mass production^ '^rhe 
many new requirements of modem factories, workshops, and offio; 
blocks presented novel problems of orchitecruial contrivance. Space 
is lacking, therefore, to consider the subject in any detail in terms of 
changes in architectural style or the growth of structural theor}'. 
Instead, it w'iU be treated in the present chapter primarily frorn the 
point of view of materials, which conditioned all the w'ork of the 
civil engineer, and of two branches of engineering, namely water- 
supply and drainage, w'hich made an essential contribution to the 
growth of modern urban life. The following chapter will mainly 
describe the wide range of constructional work required in connexion 
v*'ith modern transportation, though the division, made for con¬ 
venience, is subject to exceptions. 

It was at the start of this period that the profession of civil en¬ 
gineer first clearly emerged; just as military engineering had been 
separated from civil engineering in France in the days of Colbert 
and Vauban (p. 1S4), so the later eighteenth century witnessed the 
establishment of a clear disrinctloti between the civil engineer and 
the architect. France again led the way, for its official staff in charge 
of bridges and roads (p. 188) were the first recognized civil engineers. 
The French Revolution for a short time submerged their school in a 
larger organization, hut when it resumed its independent existence 
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its position had in fact been enormously strengthened by the iiisti- 
tudon of the great Polytechnic School^ where the civil engineer and 
others obtained a prcliminatj'^ training before admission to the 
specialist schools. It is not surprising^ therefore, that France also led 
the way in the held of engineering literature, so much so that the 
French language w as deemed an essential accomplishment by prac¬ 
tical engineers like Rennie and Telford, whUe in 1:816-^3 a Napo¬ 
leonic veteran was professor of engineering at the U.S. Miliiat)' 
Academy, West Point- J. R. Perronet, the first head of the £coie des 
Ponts et Chaussees, wrote on bridgC’-building, w^hile La Les 

InginkuTi by B. F, de Delidor was reissued as late as 1830, loi years: 
after publication, with mere footnotes recording subse^^uentad^'ances. 
In 1S26 a standard textbook of constructional theory w as published 
for French students by C L. M. H. Navier, a service which was not 
performed for British students undl Rankine became professor of 
engineering at Glasgow University in 1855. 

The growth of the engineering profession in Britain, though 
slower, was marked by the ibrniation of a society of engineers, later 
know^n as the Smeatonlan Qub, in 1771, and of the Insdtudon of 
Civil Engineers in 1818. The Mechanics* Insdtutes which sprang up 
in the industriai areas in the 1820*5 operated at an altogether humbler 
level, trying (to quote the aims stated at Manchester in 1827) *to 
teach the workman those principles of science on w^hich his w'ork 
depends*. Even at this level, their efforts w ere largely frustrated by 
the absence of the necessary basis of primary education; never- 
iheless, the institutes contrived occasionally to sow the seeds of 
intellectual curiosity- from which a self-made career in civil engineer¬ 
ing might spring. It was only with the establishment of the first 
engineering chair at the University of Glasgow in 1840 and of the 
second at Universit)^ Gjllege, London, in the following year, that 
the British engineer, who had meantime transformed the face of 
the country, fully established his claim to professional recognition. 
Major works were increasingly entrusted to trained architects and 
engineers, though most of the house-building and small-scale con¬ 
struction of all kinds oondnued to be undertaken largely by small 
firms employing tradidonal rule-of-thumb methods. 

building materials, 1750-1S50 

In the eighteenth century, timber for house-buUding became scarce 
in coastal areas because of the demands of the shipyards, in good 
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agricultural areas because of the advance of the plough, and even in 
some woodland areas, where it paid to grow coppice for charcoal- 
burning rather than trees for timber. The general use of stone as a 
building material^the circumstance which still delights the eye of 
the visitor to the Cotswolds or to Bath—likewise became confined to 
the areas where it most easily quarried, though its superior dig¬ 
nity, and in most cases superior durabili^, caused it stiU to be pre¬ 
ferred for buildings of exceptional luxury or importance. But in 
general the first effect of the industrial revolution on building was 
to extend the use of brick. Clay deposits were far more widespread 
than stone for quarrying, while the rapid growth of coal-mining and 
improved transportation for coal, first by canal and later by railway, 
made it easier almost everywhere to feed the brick kilns. The use of 
brick was indeed even more extensive than appeared, for the Regency 
architect John Nash popularized the practice of covering inferior 
brickwork with stucco. When painted and indented, this mixture of 
time and sand gave a superficial resemblance to a massive stone wall. 
In the same way, repetitive ornamental stonework which it would be 
expensive to car\ c by hand w as replaced by clay that had been moulded 
to shape before firing. What was really a terracotta based on kaolin 
(china clay) had a considerable vogue in London, under the name of 
Cioadc stone, from 1769 until the disappearance of the originating 
firm, Coade & Seely of Lambeth, about 1840. 

The compos! don of plaster for wall-finishing, of mortar for join¬ 
ing stone or brickwork, and of concrete for foundations, all under- 
vi^ent an important development as a result of studies that began when 
John Smeaton was planning the third Eddystonc lighthouse (p* 46a) 
in 1759. It was then w^ell known that pure lime from marble made 
the best plaster (whence a holocaust of ancient statuary), and that 
hydraulic qualities could be imparted to lime by the addition of Italian 
pozzdana or other substances. But Smeaton, by anal^'sing lime from 
all over the country, discovered that this hydraulic qualitj—essendal 
for his building, which would be partly submerged by cvciy^ tide— 
depends upon the presence of clay In the limestone from which the 
lime is made. The best natural mixture was found to occur iit the 
London clay at Harwich and Sheppey and the use of this was paten¬ 
ted in 1796 under the name of Roman cement, an allusion to the 
durability of work still sufviring from the Roman occupation of 
Britain. In America natural raw materials for cement wxjre located 
and developed after iSjS as a direct result of canal building, and 
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were used in larger quantities than artificial mbetures until the last 
years of the century. Yet the theory of mixing lime and clay to form 
cement was slated in 1835 by the Frenchman L, J, Vitat, who made 
a successful cement for Cherbourg harbour and introduced the special 
use of the word ^hydraulic^ for this essential quality of hardening and 
becoming Impervious under water. 

Meanwhile^ empirical cement mixtures had been made w'ith great 
success in Britain. In north Kent, where the London clay and the 
chalk of the North Downs occur together, coal was brought in by 
sea for the lime kilns and a satisfactory cement carried away by river 
to London and other building-sites. Northfleet, near Gravesend, w'as 
also one of the first places of manufacture of the so-called Portland 
cement, though it was actually invented at Wakeheld in 1824, Joseph 
x\spdin was a bricklayer turned builder, who — whether by accident 
or design is uncertain—calcined his misiturc of chalk and clay at a 
temperature high enough to sinter it, that is to say, to cause the par¬ 
ticles to coalesce whhout actually melting. The name given to the 
» product represents Aspdin*s optimistic belief that the concrete made 
from it would be accepted as a substitute for Portland stone. Its 
dull-grey colour made this unlikely, but superior strength and con¬ 
sistency ensured Its adoption for many purposes, Portland-cemcnt 
concrete was used by M. I. Brunei in 1828 for hlling-in the river bed 
over his Thames tunnel (p. 458), and came into large-scale use a 
generation later, when 70,000 cons of it w'cnt into the making of the 
London main-drainage system. 

Although the use of reinforced concrete still lay in the future, the 
eighteenth century had seen an increasing use of wrought iron to 
strengthen both timber and masomy'. By this time the timber in use 
for roofs, sash-w'indows, and doors consisted of imported softwocKl 
instead of the axe-dressed hardw-ood of the Middle Ages, and roofing 
work had been substantially improved by the use of systematically 
designed trusses such as had been employed by Wren, interest¬ 
ing illustration of economy In timber resulting from better design 
is provided by the rebuilding of the roof of St PauPs church, Cxjvcnt 
Garden, after the original structure, planned by Inigo Jones in the 
reign of Charles I, had been gutted by fire: when rebuilt on the same 
scale in 1756, the timber-content of the roof was reduced by almost 
exactly one-third. The usefulness of the wonden beam was fre¬ 
quently Increased by the introduction of forged straps and improved 
bolting. But English builders were deterred from employing Iron 
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inside masonry by the feet that masonry joints let in damp, which 
causes iron to rust; the increased volume of the rust, as compared 
with that of the original metal, forced apart the structure. In France, 
however, wrought iron was used more ambitiously by such archi¬ 
tects as J. G. Soufflot, both as a frame for roofw'ort and as a built-in 
reinforcement for niasouT}^ In the w'ell-known case of the recon¬ 
struction of the Paris church which later became the Panth^n, he 
strengthened the masonry w^ith iron bars w'hcre it might be expected 
to craeV under the pressure of the dome* The severe cracks which 
appeared subsequently led to an extended controversy—for Soufflops 
proposals had already scandalized conventional architects—but they 
proved to be due only to faults in the masons^ work and not in the 
placing of the iron, even though the latter w^as not wholly protected 
from corrosion. 

Cast iron, which had been employed for bridge-building as early 
as lyyg (p. 450), was increasingly subsututed for masonry. It shares 
with wrought iron the defect that intense heat, though unable to 
consume it, may cause it to collapse, though it could be regarded as 
fire-proof in comparison with existing structural materiaLs. For ex¬ 
ample, the multi-storey mill-buildings that were springing up in the 
north of Kngland at the turn of the century had solid plank floors 
supported by heavy wooden beams; these, too, if the distance from 
wall to wall was too great, were held up by intermediate rows of 
wooden posts. The fire risk was ver^^ serious, for textile materials, 
too, w^ere readily inflammable; much work was done at night with 
naked lights; and overworked humanity could not be expected to be 
superhumanly careful Premiums for fire insurance were corre¬ 
spondingly high for such buildings, and there w'as therefore a strong 
incentive to develop fireproof methods of construction* William 
Strutt, a mill-owner who interested himself in this problem, made 
some use of hollow’ earthen’W'are pots embedded in plaster, which had 
earlier been used in Paris to protect iron beams against heat. He also 
put in brick arches spanning the space between the beams, and these 
eventually carried stone-flagged floors. But the big change was the 
far wider use of cast iron, first for the supporting columns, then to 
replace the wooden beams, and finally even in the window-frames. 
Not only did this become the standard practice for factory buildings, 
but in the first half of the nineteenth century brith shops and offices 
often had a similar mode of construction. As developed by James 
Bogardus in New York office buildings (Fig. 201), the use of the 
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cast-iron frame, which sometimes reached a height of 70 ft, fore¬ 
shadowed the modem n^pc of structure in which no part of the weight 
is borne by the walls. 

Cast iron, as the early history of the fire-back shows, lends itself 
readily to the reproduction of ornament. This faa was seized upon 
by an enterprising .Merseyside founder named John Cragg, who 



Fig. 301 . Building with cast-iron frame. New York, 1851 


with the t^peration of the architect Thomas Redman—a Gothic- 
style architect who later repented of the exjjeriment—in five years 
endowed Liverpool with three churches of which e\'ery feature down 
to the window-mullions and tracerv' was of cast iron; roofs and walls 
of slate slabs held betwwn iron castings did nothing to relio e the 
gnm effect. Such Gothic ironmonger)' happily did not become gener¬ 
ally popular with church-builders, though cast iron provided the 
imienal for the gigantic open-work spire of Rouen Cathedral; never¬ 
theless, ornamental detail became a common feature of cast-iron 
columns and was even applied to the frames of steam-engines and 
industrial machincr)-. The use of cast iron as a structural material 
for important buildings reached its climax in Undon in the Houses 
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of Parlmmentj where it provided the main material for the roof} and 
in Joseph Paxton^'s Ci^'stal Palace (Fig. 202), where the epoch- 
making speed and simplicity of erection depended mainly on the use 
of some 3,500 cons of unifoitn cast-iron girders^ which were tested 
for and strength In less than four minutes apiece as they arrived 



Fio. 303. Raifing' the first ribs of the transept roof oT the 
Crystal Palace, 1850 


on the site from the three ironfoutiding firms that shared the huge 
contract In Paris the counterpart of Paxton^s work was one of the 
earliest improvements made by Haussmann for Napoleon III, 
namely the HaUes Centrales or wholesale provision market, which 
he rebuilt In glass and iron according to the emperorV prescription 
of Vast umbrellas* (Fig, 203), But although the Crystal Palace is an 
Influential example of a longKxmtinuing practice in w'hich wrought 
and cast iron w^ere used together in the same building, 1851 marks 
approximately the transition to an era of new building materials, of 
which wrought iron is one: Paxton used only wrought iron for 
members under tension. 

Meanwhile, the earlier nineteenth centurj' had also brought with 
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It some developments in the use of wood. One new demand of the 
1850 s was for quickly erected houses in new American settlements 
w-here wood was plentiful but carpenters few. The result was a tvpd 
of houK-cons^ction first developed in Chicago, which by the time 
of the Great Fire of 1871 had grown to a city of 300,000 inhabitants, 
with WMhirds of Its buildings of timber. The type was nicknamed 
the balloon frame (Fig. 204) by its critics because heavy frame 
timbers were completely omitted. Instead, roof and fioor were sup¬ 
ported by uniform lengths of timber known as studs, which were 



placed about 18 in. apart; three plates of wood were’nailed across 
suppornng the two floors and the lafters of the rotif; and all the 
remaining timbeis. numbered at the mill to facilitate assembly bv 
amateuis, wctc joined by nailing, a bag of machine-made nails l^ing 
^phed to the would-be home-builder along with all the weather- 
boarding and ready-made doors and windows. " 

styunute "US beginning a long career of usc- 
folm^ in the fast-growing settlements of the Amcrian pioneers in 
Bmmn tim^r enjoyed a more temporary revival inX buMng If 
the early raUway stations; these required a roof of considerable span 
to cover not only the passenger platforms, as at the present dav but 
engines not m use, and in some cases goods wagons 3 -Se'fi.^ 

«ten^v a hamT Temple Meads station what was 

ostensibl, a hammer-beam roof, with a span 4 ft wider than that of 
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Westminster Hall, though the tied, pointed arch was actually em¬ 
ployed. The climax of wooden construction in this field, however, 
was the two barrel-vaults of King’s 
Cross station, London, built in 1852, 
which for seventeen years were borne 
on semicircular arches with a span of 
105 ft; the shoes for the arches were of 
cast iron, resting on brick piers. Wood 
was found to resist smoke well, but as 
it tended to hold the moisture from 
the steam the iron fastenings rapidly 
corroded. Other railways, therefore, 
eventually followed the practice of all¬ 
iron construction for roofs which the 
London-Birmingham railx^’ay had used 
from the beginning. 

FURNITURE 

Since wood long continued to be the 
chief material employed in furnishing 
buildings of all kinds — station waiting- 
rooms and business offices as well as 
domestic interiors — we may interpolate 
here a brief reference to the changes in the character and mode of 
construction of furniture. In the early eighteenth century the intro¬ 
duction to Europe of seasoned mahogany from San Domingo and the 
Bahamas, so hard that it could be worked only with steel tools of 
the highest qualit}', led to remarkable achievements in car\'ing in the 
rococo style of the French tbenisUs and their more restrained English 
counterparts. Fine cabinet-making at last became clearly distinct from 
supyerior joiner}’: Thf Gentleman and Cabinet Maker's Director^ pub¬ 
lished by Thomas Chippendale in 1754, w-as the first English book of 
its kind. Hepplewhitc and Sheraton, whose Guide and Drawing Book 
appeared respectively in 1788 and 1791, are the most famous of a 
number of other cabinet-makers and designers who \^Tote for the 
praaical use of the trade. In the case of the chair, for instance, where 
Hepplewhitc popularized both the shield-backed and the winged 
variety’, eightcenth-centur}' design has never been surpassed. But 
the taste serv ed by these great designers was that of a very limited 
upper class, formed — if we take the English ‘milord* as our example 


Fig. 204. 'Balloon frame’ house, 
as developed in Chicago in the 
1830’s 
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—by the Grand Tour undertaken in youth or by consultation with 
a much travelled and expensive architect like Robert Adam. At a 
lower social lc\’cl furniture continued to be sparse and simple, 
traditioiwl in stj le, and local in origin, except where a special supply 
of materml encouraged manufacture for a wider market: this was the 
period when the Windsor chair first emerged from the Chiltem 
beech-woods, with its scat shaped from a clay mould and the simple 
sdck-back raked for greater case. 

The French Revolution came when Louis XVI furniture was giv¬ 
ing Europe a graceful lead towards simpler, classical forms, but in 
the following decades the prestige of Napoleon carried his empire 
style, with its imitations of Eg>T)t as well as of Greece and Rome, all 
through Europe and c\cn across the Channel, where it influenced 
Rcgcnc}’ design. At a humbler lc\'cl we may notice that plyw'ood, 
made by glueing successive sheets at right angles, w'as popularized 
in Britain through the w'ork done by French prisoners of w'ar. But 
thc^ m(Kt important effect of the French Revolution was the shock 
which it ^erj'wherc inflicted upon age-old distinctions of rank, so 
that quality and quantity' of furniture w'crc increasingly valued as 
visible emblems of a social elevation which could now be attained 
merely through money. The result was to be seen most clearly in 
Bntain as the Regency style gave pbee to Early Victorian, for'the 
dominant influence w-as that of a middle class increasing rapidly 
in wealth, numbers, and self-confidence, home-loving and house¬ 
proud, and eager to cany' into its domestic surroundings the sense 
of raluc for monej' and the productive ‘know-how’ which served 
British business interests so well. The result W'as the sort of furniture 
sho^ at the Exhibition of 1851, commonly said to represent the 
nadir of Bntish taste. 


The workmanship was usuaUy good, since solidity of construction 
” appeal; mahogany was still a favourite wood; and the 

avaalabdity of furniture-springs (first patented in Britain in 1826) 
and a nch variety of textiles encouraged the art of the upholsterer. 

^ also the golden age of japanned papicr-mach6 chairs 
and beds, shown by French and German as well as by British exhi- 
bitoi^ the nwtenal being built up into boards by ‘stoving’ succes¬ 
sive layers of paj^r which were subsequently varnished and inlaid 
in ^anesc fashion. Ornament was admired in proportion to its 
elaboration ranpng from the chiffonier, with naturalistic carving of 
every visible surface, to the occasional table, enriched by such feate of 
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ingenuity as the marqueiiy’ picture, in one instance containing 
110,000 pieces of wood. Machine-carving (p. 355), too, had arrived 
just in time to meet a huge demand for intricate reproductions of 
medieval and Renaissance pieces. 

In the following half-century furniture in general became less 
hca>7 and elaborate, though the influence of William Morris, at¬ 
tempting to restore the craftsmanship of the Middle Ages, and of 
more practical pioneers like (Sir) Ambrose Heal, affected only a very 
small part of the total output; there was likewise only a limited 
European vogue for American patent furniture, such as the ad¬ 
justable chair and the equipment of the railway sleeping-car. But 
the growth of wood-working machinery, which from its humble be¬ 
ginnings in the dockyard (p. 351) advanced until it could imitate 
each of the standard processes of handicraft furniture-making, now' 
transformed the methods, though not the end-products, of the in¬ 
dustry. At the same time the economy of large-scale manufacture 
was helped by the growth of urban communities, transport, and the 
advertising arts, which taught the consumer gracious living—with 
period furniture in suites. Measured in sales, the American furniture 
industiy' in 1900 was seven times as large as half a century before, 
and from the 1870’s onwards most of its products were factoiy- 
made. Where labour was cheaper than in the United States, hand 
work was less easily ousted: within bring memory the pole bthe 
(p. 102) was still used to turn chair-legs by isolated craftsmen in the 
Chiltem hills. In the long run, however, Europe succumbed no less 
completely to the vogue of standard types, not ver>’ carefully con¬ 
structed, often ugly, and sometimes—as when the kind of wood is 
disguised by graining—faked. But the social loss involved in the 
decline of a line trade must be w eighed against the social gain in the 
increased availability of furniture for the masses. The metal bedstead, 
exhibited in 1851 and commercially developed soon afterwards, is an 
instance of the way in which new standards of comfort and hj-giene 
penetrated as a result of mass production into the homes of the poor: 
cast iron did not harbour parasites, and if broken the bed was easily 
replaced. 

NEW USES OF WROUGHT IRON, STEEL, AND CONCRETE 

An increasing use of w rought iron, which in earlier periods had 
figured mainly as a supplement to work of wood or cast iron, was one 
important development of the 1850’s and i86o’s. In 1847 the first 
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very small wrought-iron beam for use in floors was made for a Paris 
engineer, and wthin ten years its value as a constructional material 
was being advocated by (Sir) William Fairbaim. Meanwhile, the 
manufacture of long beams of heavy section had been made pos¬ 
sible by the invention of the ‘uni¬ 
versal mill*. Their use was, how¬ 
ever, restricted for many years by 
the fact that a puddler could pro¬ 
vide only one small bloom at a 
lime, and a massive beam could be 
produced only after a number of 
blooms had been hammered to¬ 
gether into a suitably sized billet. 
What became common, there¬ 
fore, was the construction of large 
beams by riveting together plates, 
angle tees, and other sections. 
Wrought-iron roof trusses for 
railway stations began in London 
with one of 40-ft span for Euston 
in 1839 ^^tl culminated in a span 
six times as great at St Pancras, 
but a complete load-bearing 
Fio. 205. The Eiffel Tower frame of wrought iron continued 


bu iX3Vh ^ bemuse it was 

bu.lt[o>er»thcInv« on^masonr)’ piars in order to use power sup- 

ReaL^zR^'rr*S^“^\ of BritisrMuseum 

and beams forth ' n “’o" typ'oal: wrought-iron ribs 

^enred^tJT”"*’ ^1'’“'’ 'ho)- ‘h*" 

auitro^lv^llf *''* '“*■’"8'’ did not join 

suoDo^[d^^5r?r* by a special cement 

to have beeninvented by William Murdock for the early 

fror^lf “11“' "™o8ht-iron buildings dat« 

French ^ oxh'bmon to mark the centenary of 

French Rc\oluoon occasioned the erection of the o8a-ft Eiffel 

most striking of Pons landmarks (Fig. 205). The superstructure. 
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Standing an a massive base of reinforced concrete, consists of 
7,300 tons of wrought iron, chosen by Eiffel in preference to steel on 
the grounds of its greater rigiditj'. As with the Coital Palace, the 
13,000 principal iron memhers were prefabricated. 

The employment of cheap steel as a structural material became 
possible With inventions of the 
1850’s and i 86 o\ but much of 
the supply was absorbed in rails, 
because steel tracks were known 
to last much longer than those 
of iron (p. 3S1), whereas for 
other purposes wrought iron w as 
often preferred as more homo¬ 
geneous and familiar: it was not 
until 1877 that the British Board 
of Trade authorized the use of 
steel in bridge-building. The 
Bessemer and Siemens processes 
made large billets a^'aikble, 
w'hich could be rolled into the 
long-desired I-beam of substan¬ 
tial section* In 1882-g, 50,000 
tons of steel were employed in 
building the Forth Bridge, and! 
the manufacture and sale of 
rolled-steel beams became firmly established in Britain by Ekirman 
Long and other firms. 

Mcanw^hile, however, America not only took the lead in the output 
of cheap steel, but developed its use for a new tj'pe of building; steel 
begat the skyscraper* The main inoemive was the rapid rise of site 
values in the congested central areas of booming cities like New' 
York and Chicago. The w^ay had been prepared by the vogue of the 
^elevator building*, after E. G. Otis in 1854 made the hydraulic lift 
safe for passenger use by providing the cage with pawls, which were 
forced by springs to engage ratchets at the sides of the lift-shaft the 
moment the rope failed (Fig* 206)* Wthout the elevator neither 
these buildings, nor the still taller ones that foUowed, would have 
attracted 3 sufficient elientdc of indefatigable stair-climbers. To 
begin with, the new type of structure had wrought-iron Doors and 
cast-iron fronLs—the parts being prefabricated—but carried upon 



Fig, ElUha OtU demDctsmiii^ hh 
S^ciy clci'illor, j 
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masonr>' walls, requiring increased thickness at the base in pro¬ 
portion to the height. Up to fourteen storeys could be erected, as in 
the case of the Pulitzer building completed for the New York World 
in 1890, but at the ground floor—where space was most highly 
valued—the w^ were 9 ft thick. An all-steel frame had no such 
limitations. Steel columns could be raised to virtually any height, 
and could be given a secure footing without any increase in the size 
at the base. Tied together at each floor-level by steel girders, they 
would support the entire weight of the building, so that the function 
of the walls was merely to give shelter and privacy. 

Steel beams were used in the upper storeys of an iron-framed 
Chicago office block in 1884; first complete steel frame followed, 
also in Chicago, in 1890^ and its twenty-one-storey Masonic Temple 
of 1892, described both as the biggest building in the world and as 
one of its seven wonders, set the pace for the new era. The erection 
of New York’s first slcj-scrapcr mo years bter illustrated two great 
difficulties of this type of building: the foundations had to be carried 
50 ft below ground by the use of caissons, subsequently filled with 
couCTcte, and the frame had to be braced with extra metal members 
to withstand winds at gale-for«. But by the end of the century New 
York had txUpsed Qiicago, with twenty-nine skyscrapers to sixteen 
and a maximum height of 386 ft to Cfficago’s 300 ft. The cities of 
Europe had no such skjlines, no such waterfronts. Britain in the 
1890 s applied steel only to industrial construction, and sparingly 
at that. A furmture warehouse at West Hartlepool, built in 1896, is 
the ^t Bnosh example of a complete steel frame; but more than 
another d^de passed before the London Building Act acknowledged 
that the thi^ess of the external wnUs nught safely be reduced when 
th^ could be inserted piecemeal into a frame that bears all the load. 

In the ^e period yet another structural material of great im¬ 
portance had been developed from the widespread use of Portland 
wment, which until the 1890*5, when America developed the rotan- 
t * material, was an important British export 

n ^ Continent. For building work of 

^ kinds Its v-alue was limited by the fact that, unlike Ume concrete 
concrete made with Portland cement begins to set so quickly that only 
ver>* large works us^ big enough batches to warrant the employ- 

to give adequate 

^ concrete wus invaluable, but for other uses 

buildmg It was found that neither concrete walls, cast on the site 
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bcti^'ccn shuttering, nor faaory-made concrete blocks had any great 
appeal. WTiat remained to be exploited was the embedding of iron or 
steel in a concrete so completely impervious that there was no risk of 
corrosion: this would provide a structural material which combined the 
tensile strength of iron w ith the virtual incompressibilit)’ of concrete. 

Reinforced concrete began humbly enough with the niakingof con¬ 
crete tubs for orange-trees, in which the Frenchman, Joseph Monier, 
embedded a mesh of iron rods. This was in 1849; only five years 
bter W. B. Wilkinson, a builder in Newcastle upon Tyne, patented 
a much more elaborate system both for embedding iron rods in 
plaster and concrete ceiling work and for reinforcing concrete beams 
with w'om-out mimng cable. But no lasting results followed from his 
enterprise, whereas Monier took out a scries of patents, including 
one for beams in 1877, from 1885 onwards had his patents de¬ 
veloped under licence in Germany. Pioneer work was done by Wayss 
& Freitag of Frankfurt-am-Main, who also commissioned Mathias 
Kocnen’s study of Das System Monier^ which discussed the theory 
of the combination of resistance to tensile and to compressive stresses. 
In the i890*s, moreover, important work was being done by two 
other Frenchmen. Edmond Coignet—whose father a generation 
earlier had taken out a patent for concrete floors and had visualized, 
though he did not attempt to design, most forms which reinforced 
concrete structures would later take—showed in sewer construction 
in Paris that a 3|-in. shell of the new material could safely carry 

15 ft of earth. His rival was Fran9ois Hennibique, w ho in the same 
year (1892) introduced into reinforced concrete beams a s}'stem of 
vertical hoop-iron stirrups to resist change of shape by shearing. 

Five years passed before Hennebique*s system was introduced 
into Britain, who in this matter lagged far behind G)ntinental prac¬ 
tice. This is remarkable because not only had early pioneer work 
been done by Wilkinson, but also it was a British immigrant to 
-America, Thaddeus H)att, who had in 1877 successfully outlined the 
theory of reinforced concrete on the basis of tests made for him at a 
laborator>’ in London. It was also an Englishman, E. L. Ransome, 
sent to San Francisco as sales agent for an Ipswich ironworks, who 
began the embedding in concrete of the iron beams of faaory struc¬ 
tures. Ransome erected his first important building with reinforced 
TOncrete beams in 1888, and at the end of the century was develop¬ 
ing a s)’stem of unit-construction, including floors based on rein¬ 
forced concrete beams carrying spirals of wrire, so that the beams 
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would hind togcUier with a reinforced concrete floor-^bb cast on the 
site. But in bridge-building with the new material the Continent out^ 
distanced America, not to mention Britain. When the lirst American 
road^bridge of reinforced concrete was opened in 1S94, with a span 
of 30 ft, there had been concrete bridges of the Monier type in 
Europe for almost twenty years, three in Switzcrbnd having laS-ft 
spans. Hennibique w as also a bridge-builder, and in 1893 he com¬ 
pleted a 172-ft arch spanning the river Vienne at ChatelJeraiiEt. 

In the long run the main use of reinforced concrete, either in sheet 
or pillar form, was to help in the production of high buildings, 
tow ards w^hich the general rise in site \'aiues accompanying urbaniza¬ 
tion caused technological development to be directed^ It may there¬ 
fore be appropriate to notice briefiy that the later nineteenth centur)’ 
had already tackled some of the main ancilbry problems. The 
hydraulic lift had been so far improved that the three which served 
the Eiffel Tower (one by Otis, two of French construction) carried 
the visitor to the top by three stages in seven minutes^ Moreover, in 
1889 the much faster electric lift was about to take its place* There 
were also acute problems of hre prev^ention, arising chiefly from the 
increased height of buildings, but also from increased window -space 
—the blank walls of the past w ere far better prev'cndvcs of the spread 
of fire—and from the substitution of light sections of WTOUght iron or 
steel for the more massive, and therefore less vulnerable, cast iron. 

Part of the solution was to protect high buildings by the instal¬ 
lation of Water-tanks at heights above 80-too ft, the maximum to 
which hoses could play from the ground under the pressures normally 
available. At the same time, the search for fire*-resisdng floor systems 
was intensified. Solid concrete slabs were often used in key positions, 
but by 1S75 ruachine-madc hollow terracotta blocks became available 
in America for floor-units* Within ten years A* D. Gilman in Iowa 
had produced a porous block, w'hich could be sawn into shape, by 
mixing sawdust with the clay before firing; this was much used in the 
tall buildings of the j^qo's. Another later practice was to protect 
steel beams by surrounding them ■with 3 in. of concrete closely 
bound with gauze: intense heat would dehydrate the outer layer of 
the concrete, its insulating properties being thereby increased. 

IMPROVEMENT OF WATER-SUPPLY 

The fire hydrant represents only one special use of the continuous 
water-supply to which modem town-dwcUers look to satisfy their 




IMPROVEMENT OF WATER-SUPPLY 


419 


needs for drinking and leashing, for many industrial processes, and 
10 assist sewage disposal. During 1801-51 die population of Great 
Britain almost exaedy doubled, but this does not show the full ex¬ 
tent of the problem, since the growth was most rapid in the great 
cities. The popubrion of Glasgow, for example, grew twice as fast 
as the national average, and in a single decade the demand for water 
there approxLmatdy doubled. 

In such circumstances the methods of the past could not possibly 
suffice. London, for insomcc, at the end of the eighteenth century' 



Fia. 107. WatcT-wlwcis driving Lemdon Bridge, 17491 


had at least three of its water companies deriving their supply from 
the Thames. The oldest raised it by water-wheels at London Bridge 
(Fig. 207); a second, which had once employed Thomas Savery^s 
*firc engine^, pumped the water out near the Strand; and a third 
brought it from the river at Chelsea to fill two reservoirs in Green 
Part. Since the early sev'entcenth century this supply from the 
Thames had been supplemented by the New River, a 38-mile aque¬ 
duct that brought water from some springs in Hertfordshire and 
from the river Lea. A third source comprised wells (Fig. 208), local 
springs, and deep bore-holes constructed to reach supplies below the 
London clay, methods which proved increasingly ineffectual as Lon¬ 
don grew, though elsewhere the progress of geology led to greater 
success in tapping water underground. When a well was sunt in 
1845 provide w^ater for the fountains in Trafalgar Square, the 
water-level was 112 ft below ground; by 1911 this had sunk to 236 fr, 
and the well was then abandoned. New wells were, indeed, sunt — 
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for example, at the bottom of Hampstead Heath and in Kentish 

Town—but in the London area 
there was no such success as 
that which rewarded seven years 
of boring at Crenelle, Paris 
(Fig. 209), where water was 
struck at a depth of 1,800 ft, 
having a yield of 800,000 gallons 
a day and a pressure sufficient 
to carry it 122 ft above ground- 
level. 

As regards the distribution of 
water, in the se\'enteenth and 
eighteenth centuries wooden 
mains were common, especially 
of elm, though France had 

Fio. >08. Borint U wtemn wtll. ni«- ? beginning with cast- 

teciuh century iron pipes for the w’aterworks 

at Versailles in the time of 
Louis XIV, and by about 1750 they were used to some extent in 
London and in Edinburgh. The supply was not necessarily directed 

to each individual house, still less 
to different parts of it, nor was it 
by any means continuous; itiner¬ 
ant water-vendors were still a 
common sight in London, Paris, 
and many other large cities. At 
the beginning of the nineteenth 
century the denizens of a work¬ 
ing-class street would consider 
themselves well served by a single 
stand-pipe where the water was 
running for stated periods—often 
only one hour—each day, though 
the well-to-do could normally 
expect a supply piped into the 
ba^ments of their houses (Fig. 
210), whence domestics must carry it upstairs. 

Progress in the first half of the nineteenth century came as a direct 
result of the great industrial changes. Thus the Cornish engine 
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(p. 325) made it possible to pump water through the mains at much 
greater pressure ■ James Nasmyth produced the first adequate sluice 
^-alve; and cast-iron pipes, which became generally available, were 
not only strong and very long-lived but relatively easy to install in¬ 
side houses. The industrial needs of Lancashire dyers and bleachers 
likewise prompted attempts even before 1800 to use gravel and sand 
beds for the purification of water; in London the first slow sand- 
filters (p. 424) w'ere built by James Simpson in 1827* Lancashire had 
also to face the special problem of 
safeguarding the interests of the 
sdll-numerous water-driven milLs: 
if a water-works diverted a supply 
from springs or river sources, it 
was usually required to provide 
a compensation supply for ripar¬ 
ian mill-owners. Accordingly, the 
damming of the Pennine valleys 
to provide a secure source of 
supply began in the Bolton area 
in the 1820*5, and in 1848 Man¬ 
chester Qirporation began work 
on five embankments for a series 
of reservoirs in the Longdendab 
valley 10 miles east of the town, 
two of which w‘ere intended solely 
for storing ^compensation water*. 

The yield proved to be 1$ million gallons a day, which compares 
with 46 million for all nine London water companies in 1848-9; yet 
within a single generation Manchester needed more. 

In the second half of the nineteenth century it was not merely 
the continued growth of popubtion and industry (including agri¬ 
culture wridi its special requirements for irrigation), but important 
changes in social habit—cleanliness coming next to godliness in what 
was sdll an eminently God-fearing population—that caused the de¬ 
mand for more, and better, water to be widely expressed. Moreover, 
the political atmosphere in Britain and elsew here was now favourable 
to the growth of municipa] services, w^hich took ov^er the provision 
of w ater-supply from profit-earning companies, could raise big loans 
for capital expenditure, and need not show a profit. In London, in¬ 
deed, the private companies survived until 1902 and—although they 
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never matched the \igour wth which the Paris munidpal authority 
acted under Napoleon III to substitute spring water for the polluted 
.Seine—they were supplying fi\T times as much v,'2tCT at the end of 
the ccntuiy’ as in 1848. A striking example of municipal enterprise 
was Bradford, where soft water was essential for the expansion of 
the woollen industr>': in 1855-73 supply w-as increased almost 
cighteenfold. Since the local water sources available in industrial 
areas did not become larger or less tainted with the passage of the 
years, the mo main developments were the resort to distant sources 
of supply and the introduction of better methods of purification. 

Great dams, therefore, were among the most striking achievements 
of civil engineering in this period. The early dams in the Pennincs, 
where the vallej's arc shallow and there is no firm rock foundation, 
were mostly made wth puddled day in the centre and with flat 
outer slopes. They proved generally adequate, though the Holm- 
firth dam near Huddersfield was undermined by leakage in 1852 
and only twelve years later there was a sensational disaster when the 
new Dale D}'kc reservoir for Sheffield collapsed on being filled and 
caused the loss of 244 lives. The reason for the collapse of the em¬ 
bankment in that case was nc\'er fully determined, but it has been 
supposed that its weight fractured the cast-iron outlet pipes under¬ 
neath. French engineers believed that earth dams were unsafe if 
their height exceeded 60 ft, and soon after 1850 they produced the 
first dam designs based on scientific prindples. 

De Sazilly and Dclocre realized that dam-building was not merely 
a matter of blocking a v^allcy with material that could reasonably be 
expected not to slide or overturn; the internal stresses had also to be 
con.sidered. Its strength must be sufficient to stand the maximum 
strain at the upstream face of the dam when the rcser\’oir was empty 
and at the doniistrcam face when the reservoir was full. Dclocre 
also favoured the prindplc of making the face of the dam slightly 
convex, so that part of the thrust of the water would be convejxd 
to the land on cither side in the same way as the weight of an arch 
IS conveyed to its piers. The 184-ft Furens dam, completed in 1866 
to supply St Etienne from a tributary of the Loire, was the first to 

^ i!i“^ a the tallest dam in the 

world, rhe first high masonry dam in Britain was not completed 
until 1891, w-hen the river V>Tnwy, the chief Welsh tributary of the 
Sevcni, was bilked by works lower than'thosc at Furens, but more 
massive, one-third of the stones weighing 4-10 tons each (Fig. 211). 
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This Liverpool enterprise was followed in 1894 by the completion 
of the Thirlmere dam for Manchester, and the Elan valley dams 
which serv'C Birmingham were also under construction before the 
end of the century. In regions where the vallej's are narrower and 
have steeper sides than at the sites in Wales and the Lake District, 
resort had not merely to a slightly convex upper face, as pro¬ 
posed by Delocre, but to the design of a true horizontal arch. The 
Zola dam, built in 1843 near .'\ix-cn-Pr()vcncc, was the first of this 
t)'pc; another was the Bear valley irrigation dam in California, built 



Fio. 311. V)Tnwy dam, completed 1891. It k approtinutcly one-fifth of a mile in length 
and can impound over 12,000 million gallons of water 


in 1884 with a radius of curvature of 335 fit. Arch dams did not, 
however, become common until the tw'cntieth century. 

The conveyance of water from distant catchment areas involved 
the building of aqueducts comparable with the great works of the 
Romans: indeed, the 51-mile canal aqueduct, built in 1839-47 to 
serve Marseilles, crosses a river at a height of nearly 300 ft on a 
three-tiered stone bridge 1,300 ft long which recalls and even excels 
the splendour of the not-far-distant Pont du Card (p. 170)* At New 
York in 1885-93 a 30-mile tunnel was bored straight through the 
rock from Croton Lake to Central Park from thirty shafts with an 
average depth of 117 ft; the brick lining is up to 24 in. thick. Its 
horseshoe cross-section of 160 sq. ft far exceeds that of European 
aqueducts, but the aqueduct from Thirlmere to Manchester is 
96 miles long and those serv'ing Liverpool and Birmingham are 
each of about three-quarters that length. The mains required to 
hold water under high pressure could be made satisfactorily from 
cast iron, but large pipes w’ere also built up from wTOught-iron plates 
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rivet&d together. From i860 onwards steel was preferred^ especially 
in America, but distribution from the mains to consumers continued 
to be through cast-iron pipes. The first recording meters were intro¬ 
duced in 1873 to check waste; the public, however, soon became 
educated into the habit of turning oiF taps when by doing so they 
no longer risked missing an intermittent supply. 

It was not until the bter nineteenth century that the quality of 
drinking water could be judged otherwise than by clarity, the absence 
of taste and smell, and freedom from detectable ill-cfiects. The Lon¬ 
don Water Act of 1852, which forbade the numerons water companies 
of the metropolis to take any supply from the tidal reaches of the 
Thames or to distribute water without filtering it, is an important 
landmark, but it w*as not until two years later that the famous anaes- 
thettsT, John Snow, was able to show conclusively ihat an outbreak 
of cholera in Soho must be connected w'iih the pollution by human 
excreta of one particular pump in Broad Street. From the i86o's 
onw'ards the development of bacteriology by Pasteur, Koch, and 
others gave a scientific basis to water purification, and by 1885 the 
London water-supply was subjected to systematic analysis. Results 
showed that, when kept in proper condition, sand-filters, originally 
designed to remove suspended inanimate solids, also took away as 
much as 98 per cent, of the bacterial content. 

The early sand-filter w'orked by gravity alone, the water sinking 
ihrciugh layers of sand and gravel at the rate of about 3 gallons per 
sq. ft per hour* It sulfered from the three defects that it w'as slow, 
required laborious att^tion, and took up much space, especially 
when preliminary settling basins were added to trap the heavier 
solids before they passed into the filter proper: by the end of the 
century- London alone had nearly 150 acres of such filters. Hence the 
development of pressure filters, especially in France, some of which 
worked as much as a hundred times as fast as the original slow sand- 
filter; but they were not medically very safe, and were approved 
chiefiy for the clarification of water for industrial use. A better type 
ofrapid sand-filter WM patented in Britain in 1880; this replaced the 
laborious hand-^i^nmg of the sand by agitating the surface with 
powerfijJ jets of air blown from underneath, so that the dirt wus 
loosened and ^cd aw^y. The Americans, however, finding the 
emnng sand-fikers unsuitable for the treatment of their frequently 

developed another type of rapid sand-fUter, 
which had a mechanical agitator embedded in the sand. 
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From 1S57 use l^‘as made in Europe of geladnoiis iron hydroxide 
to collect and precipitate suspended impurities, but the emplo}Tnent 
of aluminium hydroxide for this purposej though eventually adopted 
to some extent in Europe^ began on a large scale in America in the 
i88o*s. These methods proved as ciFective as fUtrarion and much 
faster. Chlorination, which in the nvenrieth centur)- became a stan¬ 
dard safeguard for all major mtcr-supplying organizations, first 
came into use as an emergency measure to deal ^ith typhoid epi¬ 
demics at Pola in Italy and at Maidstone in England, in 1S96 and 
1897 respectively. It had, however, been applied much earlier to the 
treatment of sewage. 

DRAINAGE AND SANITATION 

By 1900 the civil engineer was winning the long battle for com¬ 
munal cleanliness, a battle w^hich in rSoo, and even in [850, might 
still have seemed a losing one. There were really three problems: 
disposing of the rain-water which might flood the towns, of the mis¬ 
cellaneous rubbish which in the course of time would make the 
streets impassable, and of the decomposing organic matter which, 
as nineteenth-century samtarj^ experts slowly established, wris not 
merely an offensUe nuisance but a grave danger to health. For a 
small, scattered, and unsqueamish population, these problems pre¬ 
sented no serious difliculdes, but by the end of the eighteenth century 
a town like London, with more than a million inhabitants, was 
driven to attempt a number of solutions, all of which proved in¬ 
creasingly inadequate. Since the Great Fire of 1666, dumping- 
places for rubbish had been officially provided in the streets of the 
City, from w'hich the refuse w^as removed by a paid staff of ‘rakers’* 
The contents of privies w^ere removed by night-soil men at times 
when the streets were deserted—^ihe service was once in twent)^- 
four hours in the best districts, less frequent and less regular in the 
poorer ones. Both rakers and night-^oil men made considerable 
profits from selling much of what they collected for agricultural or 
other uses; the rest was burnt, dumped, or tipped into the sea. 

But at this juncture the water-closet, described by Sir John 
Harington 200 years before, was beginning to be intr^uced into 
better-class houses where the water-supply permitted (Fig, 212)* As 
patented with two valves in 177S by Joseph Bramah, the doset when 
flushed discharged its contents directly to a cesspool in the basement 
or under the garden* A trap containing a water-seal was first patented 
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in 1782; but even when this became a regular part of the closet equip¬ 
ment^ the etisience of the cesspool, which was emptied at something 
lilsC annual intervals, constituted a double danger to health, from the 
cfnu\ia which commonly entered the house and 
from the lealcages w'hich tainted wells, rivers, and 
even the imperfectly jointed water-pipes of that 
period. It was strictly, but not always successfully, 
forbidden to any Ij>ndon householder to allow' a 
w’ater-closet to discharge into a sewer, for the 
sew'crs then w'ere merely bricked-over watercourses 
intended to drain the ordinary' surface water into 
the Thames* 

The remedy found for this situation was to build 
a new type of sewer, which was flushed by a more 
regular supply of water than rain provided and 
could be used to carry suspended refuse by under¬ 
ground routes for eventual disposal at points w'ell 
clear of the urban area; this was a characteristic 
achievement of great urban authorities in the 
second half of the oentur)% Hamburg, rebuilding 
after a big fire in 1843, was perhaps the first im-- 
portant town to construct such a complete sew'cr 
system, w'hich was flushed thoroughly with river 
water every week* The drains of Paris were almost 
five times as long in 1863 as in 1S37, and in con¬ 
structing new^ sew'ers the city took the opportunity 
to make its roadways convex instead of concave, 
with drainage gutters at each side and headroom for the sew'cr under 
the centre: the principal collector, however, upon w'hich the sew'ers 
converged under the Place de la Concorde, emptied into the Seine 
at a distance of only 3 miles. Some extension of the London sewer 
system was made in the 1840*^ (Fig. 213). But the work done by 
Sir Joseph Bixalgette, as engineer to the Metropolitan Btiard of 
W orks, set up in 1855 after 20,000 Londoners had died in two cholera 
epidemics, provided a more drasdc remedy for the particularly 
homble situation in I^ndon, w'hcre evil-smelling mud banks pro¬ 
claimed the fact that the river Fleet (Fig. 214) and the other rain¬ 
water sew'ers were discharging vast quantities of household effluent 
into the Thames, to be carried to and fro on the tide ev'en in the 
heart of the capital. 
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Bazalgctto btiilt five rmin sewers running parallel to the cotirse of 
the Thames^ three on the north bank and tw o on the south, which 
would be capable of deal ingVrith 
all household sewage^ together 
with the normal flow of rain¬ 
water. Only in the event of ab¬ 
normal rainfall was it necc 5 sar>^ 
for the excess storm-water— 
carrying with it some diluted 
sewage—to flow^ over w^eirs into 
the old main-line sewers con¬ 
nected with the river. The 
Thames Embankment, replac¬ 
ing the ancient mudbank, marks 
part of the course of one of the 
new sewers. As they discharged 
at 3 pjoint about I a miles below' 

London Bridge, three pumping 
stations w'cre required to lift 
their contents, so that the sewage 
should flow throughout by grav- 
ity and maintain an average 
speed of m.p.h. with the 
sewer half full. The large brick 
sew'ers w ere fed by a netw ork of 
smaller ones,ha’ting an approxi¬ 
mately oval section but narrower 
at the bottom; this shape provides the maximum rate of flow when 
there is little liquid moving through. Built of brick jointed ^'ith 
Portland cement, Bazalgcttc*s sew'ers, protected by their position 
underground from the effects of temperature changes, have proved to 
be very long-lived; nevertheless, the w'caring away of the bottom, and 
risk of obstruction, made it necessar)' to provide means of access and 
ventilation shafts for maintenance nten. The best method proved to 
be the construction of ventilators as frequently as possible i n the centre 
of roadw'ays: otieof Bazalgetre^s less successful experiments was when 
he tried to destroy foetid air from the sewers by drawing it into a 
furnace built in the Clock Tow'er of the Houses of Parliament. 

It remained 10 dispose of the sewage. At first it was all discharged 
into the Thames, but this was obnoxious to the local population 
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living by the river bants below London. To apply it to the land was 
Impracticable with stich large quantities, though this was done with 
success in smaller places such as Salisbury. A system, of chenucal 
clarihcition was therefore developed at the outfall worts both north 
and south of the river. The sewage normally contained only about 

O' I per cent, of solid matter, and 
about half of that was innocuous 
sand or grit: thus the problem 
narrowed Jowti to the treatment 
of the remaining organic matter, 
so as to prevent it from absorb¬ 
ing oxygen as it decomposed, 
releasing offensive gases and so 
destroying Rsh and plane life in 
the river. No fewer than 500 
patents for chemical prccipitants 
had been taken out by 1S94, but 
the London oucfall-worhs con¬ 
tinued to use a mixture of lime 
and ferrous sulphate, the process 
being similar to that used to 
purify drinking-water (p, 435): 
the sewage was screened to re¬ 
move the larger solids and then 
treated twice with the precipi¬ 
tant. The final product was a 
sludge containing 7 per cent, of solid matter, to be poured from 
ships into the sea. 

London because of its size, and Great Britain because of the 
general density of its population, presented problems of sewage dis¬ 
posal in their most acute form. In other parts of the world, such as 
Germany and the United States of j 4 merica, often only the screening 
for larger solids was carried out, the rest of the sewage being dis¬ 
charged directly into large rivers or lakes. The ampler space avail¬ 
able in some countries also encouraged experiments in diying the 
sludge for eventual use as manure on the land, fust as the miscel¬ 
laneous rubbish accumulated in urban communities was turned to 
profit by the incinenitor, introduced for this purpose at Nottingham 
in 1876. By the end of the century these had been adapted to provide 
a pare of the heat for the new electric power-stations. 
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BUILDING CONSTRUCTION: 
REQUIREMENTS FOR TRANSPORT 

ROAD-MAKING 

T he all-weather road, the canal, and the railway are three 
characteristic features of nioderQ industrial society which it 
was the function of the civil engineer to imprint upon the face 
of the land. He left no such mark upon the sea* but the increased 
speed and efficiency of shipping presupposed the improvement of 
harbours and docks and the girdling of the world by lighthouses. 
Road-building may be considered first, as representing ^ 

form of communication 1 in western Europe, at any rate, old high- 
w'aj^ were improved rather than wholly new onp laid out along 
new routes. Nevertheless, down to igoo the road in most countries 
pbyed only a minor part in the bulk mterchange of food and raw 
materials for manufactured products which was the characteristic 

feature of industrial progress. r 1 ' 

The French roads, as we have seen (p. 18S), were for a long mne 
admired^ and to some extent imitated, by the rest of Europe. The 
French were also ahead of others in the mapping of their county 
(p. 231), on which the logical development of a road system p^y 
depended, fn 1787 William Roy, with the help of Ramsden s th^ 
doUtc made a trianguUtion which linked up London with the 
measurements already established along the north coast of France. 
But although the Ordnance Survey was set up only four years later, 
the tiiangulatio'n of Great Britain was not fimshed until 1853, by 
which date many European countries had national surveys^ pr^uemg 
maps comparable to the British one-inch series. In the United States, 
where there was no triangulation before the rSjo s, the mapping 0 
inland regions became a Federal concern in 1879, one year after 
the second complete survey of France had been finished. 

Two decades before Arthur Young, the last great observer ^ 
provincial life under the Ancien R^me, rode across Fran« to the 
IVenees and recorded some of the roads as ‘truly noble , a new 
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three-bycr sysEcm of rodd-inakijig was Jntroduc^^d by P, M J. 
Tr^guet. He improved upon the earlier work of the £coic dcs Punts 
et Chaussces by laying the ston^ for the foundation evenly and on 
edgej hammering this layer into a contour which ran parallel with 
the intended camber of the surface, and employing the hardest and 
smallest stones for the top layer. This top layer was to be 5 in. thick 
and the two lower ones together were to be between 6 and 7 in* This 
saved nearly half the materials as compared with the standard stone 
causeway preceding it, which was iS in. thick at the middle and 
iz in. at tie sides* But the debt which later road-makers owed to 
Trdsaguet derives especially from his injuncticin regarding the 
material for the topmost layer, ‘The last bed to be of pieces broken to 
about the size of a small wnlnut\ His roads also had the advantage 
that they avoided excessive camber, which was often dangerous. He 
claimed that in Limoges—the district where Young made the com¬ 
ment quoted above—they lasted for ten years w^hen properly main¬ 
tained, although maintenance was an uncertain quantity as. long as 
the system existed^ since this compulsory labour w^as per¬ 

formed only during spring and autumn: its final abolition in France in 
1789, however, removed the last excuse for the older, thicker section. 

The new' method was adopted by most French road engineers and 
it spread to central Europe, Switzerland, and even Sweden. Some 
enterprise in road-making was characteristic of the enlightened des¬ 
pots of the kic eighteenth century: Joseph U of Austria, for example, 
continued the w'ork of his two Habsburg predecessors by making a 
r™d through the Arlberg Pass; Gatherine the Great started the great 
Siberian highway in 1781, and in the following reign a modern road- 
surface of an English type was laid at the ‘Tsar’s village’ (Tsarskoc 
Selo) south of St Petersburg. But the main impetus w'as given by 
Napoleon, whose policy was to establish fourteen imperiat highway's 
radiating from Paris in order to expedite the movement of troops 
and trade to the frontiers of his dominions, and who organized both 
the military engineers and a central body of road commissioners to 
cariw’ out his wishes. In Switzerland, for instance, where native 
engineers had made plans before the French conquest, two brigades 
of French pioneers worked on a 4S-mile stretch of the Simplon road, 
opened in 1805 ; the Mont Cenis road was completely reconstructed 
by i8ro, in which year 17,000 vehicles went through the pass from 
Savoy to Italy; and French forces of occupation w'orted on other 
key-roads as far aftcld as Hamburg and the rilyrian provinces. 
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III Britain, on the other hand, the ancient system, so productive of 
inertia, by which the upkeep of the roads was a purely local rc- 
sponsibiliw to be discliar^ed by the parish, gave place not to any en¬ 
lightened centralixation but to the nd statutory authorities knowm 
as Turnpike Trusts. The Great North Road was first turnpiked In 
1663, but It was not until the Duke of Cumberland's lumbering 
pursuit of the Jacobites to CuUoden in 1746 that better roads came 
to be regarded as an urgent national interest. The result was that new 
Turnpike Trusts were already being created at the rate of about 
thirty a year in the period immediately preceding the commence¬ 
ment of George Ill's reign, when the economic incentives were so 
dramatically increased. Turnpike Trusts, each operating its toll-gate- 
enclosed sections of road, were obviously an imperfect way of getting 
things done, and only about half the money they collected was 
spent on actual road work. Nevertheless, dowm to the middle of 
the nineteenth century, the piecemeal-maintained turnpike was the 
characteristic English highway^ In their heyday the Trusts spent as 
much as £^2. million a year (the figure for 1809) on road repairs, 
provided the tracks over w'hich the mail coaches and the pcKt- 
chaises ran and competed, and attracted both Telford and Me Adam 
into their service* 

Thomas Telford enjoyed great fame as a builder of bridges, 
canals, and harbours, but his original occupation, that of a journey¬ 
man stonemason, is the one most directly linked up with his w'ork 
as a road-maker. His early services m this connexion w^ere rendered 
to the Turnpike Trusts of Shropshire, but he was employed by the 
government to improve the Carlislc-GIasgovv road and the roads 
of the Scottish Highlands, originally built by Marshal Wade for 
military purposes, and in his most famous w ork, w hich wus to render 
the w'hole route from London to Holyhead worthy of the position it 
then held as the main link between two capitals of the recently ex¬ 
panded United Kingdom. WTien the Holyhead road was finished in 
1S30, Telford prepared a similar survey for the Great North road, 
so as to reduce the journey to the Scottish capital by 20 miles^ but 
the fact that his earlier venture, including the Menai bridge (p. 45 ^) 
and harbour improvements at Holyhead, had cost X 733 »™°» made 
Parliament reluctant to act. There is a broad resemblance between 
Telford's methods of road-construction and those employed by 
Tresaguet, The main difference lay in Telford's provision of a flat 
foundation or pavement, such as would naturally commend itself to 
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a former stonemason: he hid it made of stones set on their broadest 
edges lengthways across the road and formed Into a regular surface 
by breaking off projections and fiding-in the interstices with stone 
chips. The centre of the road was then built up to a width of iS ft— 
the camber being only i in 6o—by the use of stones, of roughly 
cubic shape, small enough to pass through a 2^in. ring. This build- 
ing-up w^as to be done in xwo stages, so as to allow the first 4 inches 
to be worked in by the traffic before the last two were added. Nearer 

the edges of the road the cover¬ 
ing would naturally be thinner, 
because of the camber, but the 
whole surface was finally to be 
spread with inches of clean 
gravel. Both the first and the 
last features were heavily criti¬ 
cized—the foundation of big 
stones for its cost, the gravel 
because it sank between the 
stones, so that water and frost 
got in. The stones themselves, 
it w as held, were not sufficiently 
compacted to withstand heavy 
traffic. 

John Loudon McAdam w'as a Scot, like Telford, but unlike Tel¬ 
ford he had already made his fortune in Amerii^ and was Deputj^ 
Lieutenant of his native Ayrshire when he first experimented in 
road-making, as a road trustee and amateur inventor* In 1815 he 
became Sur^'eyor-Gencral of the Bristol roads, and after publishing 
a series of road-making manuals held a similar office under the 
government from 1827 until he died, internationally renowned, in 
1S36. Mc.Adam*s novel principle was not the use of small stones, in 
which he had many predecessors (Fig. 215), but the conclusions that 
he drew' from his basic proposition ‘that it is the native soil which 
really supports the weight of traffic; that while it is preserved in a 
dry state it will carry any weight without sinking** He dispensed 
altogether with the stone foundation, content to use for this purpose 
the soil already on the site, provided it could be kept sufficiently dry 
either by constructing drams to lower ground or by raising the soil 
some inches aWye the water-level He also reasoned that 'the thick¬ 
ness of ^ road is immateriar: what was material was the construction 
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of an impcmous and indestructible cover over the soil to which the 
road transmits the weight of the traffic; drains at the side of the road 
could then fnllil their proper function^ provided the road was not 
too hilly and the camber kept it free from puddles. As for the stone 
for road-maldng, McAdam proposed to test for size w'ith a 2-m. 
ring (if in. smaller than Telford's), and to allow a maximum weight 
of 6 oz. each. It was to be applied in three stages, with the camber 
carefully shaped each time, so that traffic might have the maximum 
opportunity of compacting the surface; there was to be no addition 
of gravel. 

In the course of the nineteenth ccntur>' ‘metalled^ and *mac- 
adamized' became almost synonymous iu descriptions of roads. To 
Britain the new surface came in rime for the heyday of coaching: 
by sficedson all the main routes averaged lo m.p.h., and Edin^ 
burgh, which in 1776 was still four days^ journey from London, 
could be reached in 42! hours. The coach and four gave place to the 
railway more rapidly in Britain than in most other countries, but both 
at home and abroad its coming actually cffccied an increase in the total 
of horsendnawn traffic, made up of shorter hauls to and from the line. 
The new roads, on which a horse could haul three rimes as much as 
on an un metalled track, continued to seiv^e this need. McAdam^s 
books were translated into several languages; American engineers 
came over to study his methods, with the result that the Cumberland 
Road, the first narional road in the United States, was given a 
tnacadamized surface east of the Ohio river in iSj2; and by the end 
of the centuiy^ some 90 per cent, of the principal Europ^n high¬ 
way's had been macadamized. His faith in a soil foundation w'ould 
not now'adays be accepted as good practice, but it had the enormous 
advantage of cheapness. His system w as at its best in the repair and 
reconstruction of existing roads; a macadamized surface was not in¬ 
frequently combined wiih a Telford base. The position at the end of 
the iSSo^s shows a significant lead established by the road-makers 
of the United Kingdom, where the length of metalled roads per 
thousand of population was rather more than 5 miles, as compared 
with less than 3 In France, 2§ in Prussia, and only f in Spain. 

The surfacing of streets in towns presented a separate problem, 
which greatly affected the lives of the masses in days before the tram- 
car and the cheap early-morning train had reduced the burden of the 
labourer's walk to w'ork. Paved raised footpaths bounded by curb¬ 
stones were introduced in Westminster in 1765 and in the Gty of 
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London a little later. An American traveller, however, found no 
^sidc-^walts’m Pari^ as late as i8i i. Jn districts where hcav7 traffic 
precluded the use of a macadianuzed base, resort was had to a recom¬ 
mendation made by Telford in 1824; a la-in. deep foundation of 
broken stones was to be covered by rectangular paving of granite 
(Fig. 216), the stones for first-^lass streets measuring about 12 m. 
long by 6 im wide by 10 in. deep, and being fitted together like 
masonry blocks. These granite setts, as they w-ere later called, proved 
to be verj' durable and in general well suited to urban trafiic, except 
that they were almost as noisy as the cheap cobbles of ihc past, and 
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settSj like cobbles, when heavily w^om created dust. Wood-blocks 
were an alternative introduced into London experimentally from 
Russia in 1838: they had been used in New York three years earlier 
than in London, and a creosoted type appears to have originated in 
America in 1867* But stone-paving, [hough w'ith a narrower form of 
block and—^fter 1870—^n increasing use of a concrete base, con¬ 
tinued to predominate wherever the density of city traffic justified 
the expense of special surfacing to ensure smooth running; it was in 
1870 that EHsraeli described the fully sprung hansom cab, then one 
generation old, as *the gondola of London\ 

Concrete was one of two new materials which came gradually into 
use for road-making during the century of the triumph of Me Adam. 
Though there are one or two earlier examples of the use of concrete 
foundations for roads and of a system of fUlingrin the interstices 
in a macadam surface with lime-mortar, the concrete road proper 
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appeared with the mcrc^ngavailabilit)'’of Portland cement (p. 406) 
in the 1850^5, Some concrete roads were baiit m Austria in that 
decade, the first in England in 1865, and various continental coun¬ 
tries followed suit; the earliest American example is one laid round 
an Ohio courthouse as late as 1892. I^lachinery for their construction 
was invented in Germany in 1879, after which their widespread de¬ 
velopment awaited only the demands of the motoring age. 

The history' of the asphalt road is somewhat similar, except that its 
development from 1832 onwards by de Sassenay in France rested 
upon work done in the eighteenth century, A mastic made near 
Scyssel, from powdered rock-asphalt and bitumen from natural oil 
seepages, was being used in 1835 at the rate of i,coo tons a year, 
w'hich later became the monthly rate, though its first introduction 
into London was not until 1S69. Meanwhile, alternative sources of 
asphalt w'ere being developed, including the Trinidad Lake product 
w hich competed with native material in the United States. Even more 
important was the development of two additional processes. One 
was the use of compressed rock-asphalt rolled into the road base in 
powdered form* This w'as introduced in Paris in 1854 and proved to 
wear very well. A rather later improvement was the use of sand- 
asphalt, a mixture which in fact included powdered limestone and 
even fair-sized stones as weU as sand; it was applied at a tem¬ 
perature of 150-200'’ C. and was spread and rolled while still hot* 
This provided a w'atertight road surface and was introduced 
into America in the iSyo^s by the Belgian engineer, E. J. De 
Smedt. A somewhat parallel development was the use of the heavy 
tar which w'as av'ailable as a by-product of the gas industry. Tar 
and stones were mixed hot, spread on the road, and consolidated 
after cooling, with a final coat of sand on the top. WTiat wc call 
^tarmac* was first made in Nottinghamshire in the 1830’s, first 
introduced in America in 1873, and used in a three-layer system 
at Melbourne in the nineties. But although asphalt pavements had 
a considerable vogue—De Smedt laid one in front of the Capitol in 
Washington in 1876—the true importance of asphalt and tar as 
road-making materiab belongs to a later period, when suction from 
the rubber-tyred wheels of fast motor-vehicles began to break up 
macadamized roads in clouds of fine dust, and a new' type of surface 
became essential 

While the use of these new materials clearly required the develop¬ 
ment of improved road-rolling machinery', machinery' was already 
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making the laying of the macadairti^d ^rface easier^ The first 
stone-crusher was constructed in 1858 for the roadw^ays of Central 
Park, New' York; this labour-^ving device was more urgently 
needed in America than in Britain, where the breaking-up of stone 
by the roadside continued down to the tw'entieth century to be the 
regular and Hi-paid employment of desticute old age. Various types 
of horse-drawn iron roller had been proposed during the eighteenth 
century, but their use was not advocated by either Telford or 



Fio. iJ7* Avicling 6: Poner^s rqacLpoillcrf 1867 


McAdam and they were not in much demand before the 1830’^s, 
when the practice grew up of compacting the road surface by stages, 
using lighter rollers first. The steam-roller, the use of which ap¬ 
pears in retrospect to have been so obvious, was inn'oduced belatedly 
and slowly. It was first invented in France in 1859 and in a more suc¬ 
cessful form (a ly^-ton roller driven by a S-h.p. en^ne) by another 
French inventor in 1862, A Paris firm produced this and tw'o other 
smaller models from 1864 onwards, but It is claimed that the English 
steam-rollers made by Aveling fit Porter from 1866 onwards (Fig^ 
217) were the first that were fully effective. 

CANALS AND RIVER-IMPROVEMENTS 

The canals of Great Britain were the contribution in the main of 
only two generations of canal engineers, among whom Brindley, 
John Rennie, and Telford arc the most famous. The earliest of them, 
the Sankey Naviption from the St Helens coalfield to the Mers^v 
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a. ift-milc cut with nine lockSf dates &om 1757, while the last of the 
series, the Cakdonian caikal, was begun by Telford in 1S04, though 
he did not live to see its completion in the 1840*®, By that time they 



were beginning to be superseded by the railway network, and after 
1S50 the Manchester ship canal, promoted by local enthusiasm for 
the establishment of a port at Manchester, was the only important 
new' construction. But at their greatest extent (in 1858) the inland 
waterways had a length of about 4,250 miles (Fig. 21S), as compared 
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with 1,000 mJleSj consisting of river improvements only, just over a 
century before. 

There w ere three principal t>^pes of canal. The widest, w hich w ere 
some of the main lines and had the more optimisttc shareholders, 
were to be found chiefly north of the Trent and Mersey j these could 
take a barge with a width of 13^ ft and a length of 58 ft. In the Mid¬ 
lands, where w ater-supply was often a difficult}'^, and where Birming¬ 
ham, for example, had to be approached by flights of locks on all 
sides, a canal with 7-ft locks was usual ^ these accommodated the 
familiar ‘narrow boats^ measuring 7 by 70 ft. Thirdly, where money 
was very scarce and gradients particularly steep, as in the sonth- 
w'cst and in Shropshire, the still smaller tub-boat canal was to be 
seen. This lack of uniform construction, necessitating trans-ship^ 
ment of longHdistancc cargoes and discouraging improvement in the 
design of barges, goes far to explain the rapid supersession of canals 
by railwaj^s, already noted. Another broad distinction is between 
the earlier type of canal, which adhered strictly to a given contour 
level, and a later type w'hich sought the shortest route between tw'o 
points. In the early days boatmen’s \vages were very lowf and no 
other form of transport set a competitively high standard of speed, so 
the canal engineer could avoid the necessity of making embankments 
or cuttings, and the farmers through w'hosc fields his water-way 
meandered w'ould be satisfied with the easily made accommoda¬ 
tion bridge 219)* When wages had risen and there was pos¬ 
sible competition wnth fast coach services and even with lailw^ays, a 
canal rnight be made as straight as what is now the Shropshire Union 
main line. This was completed in 1S35 with numerous embank¬ 
ments and a 2-mile-Iong cutting which is the deepest in the country. 
Some of the older canals were also straightened at about that time. 

The provision of a reasonably watertight bed of uniform depth 
and Width bordered by a towpath, the contrivance of a water-supply 
at the highest point in. a canal, and the use of the lock to convey 
barges betw'een different levels, w’ere all, as wt have seen (p, 187), 
well-established practices on the Continent before the middle of the 
eighteenth century. Nor was there any particular novelty about 45 
miles of tunriels-the final total for Great Brimin^nstnicted 
usually to avoid a more expensive cutting, and made for the most 
part by sinking a senes of shafts, excavating from shaft to shaft, and 
drawing up the spoil by horse-gins. To reduce the spin, the earliest 
tunnels had no towpath at all, so that the boatman must lie on his back 
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in the darkness to propel his barge by kicking against the roof; the 
3-miIc-long Standedge tunnel through the Pennines, constructed in 
iSiij was still worked in this fashion in 1928. Later canal runnels 
had timber (or iron) stretchers built out at a suitable height above 
the water to support a makeshift path, while some of the largest, 
such as the Strood tunnel on the Thames and Medway canal, which 
was 26 ft 6 in. from wall to w'aU, provided a towpath proper. Embank¬ 
ments usually presented no special difScultics, but the aqueducts, of 



Fra. 2 19r CounierbalaiKfid Kcommcnjitiim bridge for a CMial, c* 1780 

w hich Brindley built the first to cany the Worslcy canal over the 
river Irwcll, attracted great attention to the marvel of water crossing 
water and boat moving above boat (Fig. 220)* Their structure was 
that of a viaduct, but stronger because of the great weight of water, 
either stone or brick being used, and the waterway, of minimum 
dimensions, carried at first in a bed of clay that had been thoroughly 
kneaded to render it waterproof; but by the end of the eighteenth 
century an iron trough was used instead. The largest of this latter 
t)"pc was constructed by Telford in 1805 to carry' the Ellesmere 
canal for a distance of over 1,000 ft, at a height of 126 ft above the 
river Dec; the trough was just under 12 ft wide, including the tow- 
path, which w’as built out over it on iron supports, as in some canal 
tunnels. 

Locks, with a counterbalancing beam to the gate, were mostly of 
a well-established ty-pe. The first double locks, placed side by side, 
were opened in 1820 for the Regent’s canal in London, and there 
were also staircase locks having gates in common, the biggest being 
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a five-lfjck staircase on the Yorkshire side of the Pen nines. Some 
special interest attaches to the inclined planes, of which there even¬ 
tually were a couple of dozen in UritaLn—slopes up which boats, 
generally the small tubs, were hauled, often on some form of wheeled 
carriage and usually by water-power. The Bude canal in Cornwall 
employed this system to raise the boats a total height of 225 ft, but 
this was quite exceptional. Lastly, there was a single example in 
Britain, w'orked on a canal near Bridgw'ater from 1838 to 1867, of a 
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successful perpendicular lift, the barges being raised to a new" level 
by means of a crane, a tub of water providing a counterbalance. But 
the twentieth centurj' was well advanced before vertical lifts, based 
on the use of electrical power o^r of the internal combustion engine, 
became important features of great canal systems in many parts of 
the world. 

As for the craft using the canals, a single boat loading up to 20 tons 
and draw’n by one horse or a pair of donkeys at not more than 2 m. p. h., 
was the normal unit^ on rivers they were quite often hauled by men, 
and some early canal boats carried sails. There was also a specialized 
type of express boar, which employed relays of horses and carried 
about half as heavy a load of goods—or passengers—at nearly tw'icc 
the speed. But the early canal experiments with steamboats, such as 
the ChuThtie Dandas (p. 328), bore little fruit apart from the u^e of 
tugs in tunnels, a system employed in the Tslington tunnel on the 
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Regcnt^s canal os early as i$26. Both at home and abroad the success 
of the small steam-driven vessel on estuaries and river improvements 
was not repeated on canals for many years, both because the 
tended to destroy the banks and because paddle-wheels were easily 
damaged in narrow waters^ The screw propeller, introduced in 
1844 on a Belgian canal, also proved to be too destructive at drst, 
and for a time it was even found w'orth while to lay along the canal- 
bed a chain that passed round a steam capstan on a tug^ This very 
roundabout way of using steam proputsion, os employed in Belgium 
in the 1870^5, is described by R, L. Stevenson in his Inland Voyage, 
Whereas in Britain the main river improvements were completed 
before the era of canal-building, on the Continent and in America 
river improvement schemes w^erc especially characteristic of the first 
half of the nineteenth century. Thus the Hungamn soldier and 
statesman, Count Is^-an Szechenyi, a veteran of the Napoleonic 
wars, organized a sur\'ey of the whole of the lower course of the 
Danube and tried to build a lock to by-pass the gorge at the Iron 
Gates. This partieulor project failed, but many cuttings w^ere made 
past rapids, and the upper part of the river w^as regulated for a dis¬ 
tance of 144 miles. Much was also attempted on other rivers, includ¬ 
ing the Rhine, the Oder, the Rhone, and even the Guadalquivir, 
cither by laborious straightening and embanking work w'lth pick 
and shovel, or by preparing a rough course for a new cut and then 
turning in the full force of the river at hood time to complete the 
task—a process which often had results different from those in¬ 
tended. A general difficulty was that cuts Increased the speed of the 
current, often making it impracticabie to haul any load upstream. 
Even tlie great Mississippi could be ascended, apart from the use of 
steam-power, only by keeled boats that were poled and warped up¬ 
stream by a crew of as many as ten for a 40-ton cargo* 

The improvements of the St Lawrence river are a great New World 
task that has only just been completed. The first successful cut was 
made in 1S21, by-passing the 46-6: Lacbine rapids at a depth of 
5 ft, which had to be increased to g ft within twenty years. Four 
other sets of rapids had been overcome earlier by a canal which rose 
more than 80 ft in r4 miles, but four more short canals were required 
to complete the route from Montreal to Lake Ontario. WTicn this 
task was successfully accomplished in 1847, the Welland canal round 
the Niagara Falls had already been in e]dstcnce for nearly two de¬ 
cades and the Americans w^ere about to build a canal to by-pass the 
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‘leap' at Saiilt Samtc Marie—a fall of 20 ft in one mile of river which 
alone barred the way through from Lake Ontario to Lake Superior. 

The three rapids on the Ottawa river were similarly hy-passed in 
order to connect Ottawa with Montreal^ but a more string venture, 
which the Canadian government began in 1826, was a waterway w ith 
military protection running inland from Ottawa, requiring fort>'- 
seven locks to carry' it over the watershed and bring it down to Lake 
Oniaritu This provided for the contingency of war with the United 
States, which controlled the far side of the St LawTCncc: it was not 
forgotten that the lock of an earlier canal on the Canadian side of 
Sauk Sainte Marie, the first lock on the American continent, had 
been in existence for only sixteen years when it was destroyed by 
American troops in the war of 1812, Of happier omen was the im¬ 
provement of the Richelieu river bctw'ccn i8;jo and 1850, which 
eventually provided a through-traffic route to New York along the 
line by which Burgoyne had marched to disaster at Saratoga in 

1777- 

Since the American continent was virgin soil for canals as well as 
for river improvements, canals might be expected to have played a 
larger part in her nineteenth-century history than in that of Europe, 
but it was not so^ The 364-inile Erie canal, built betw^een 1817 and 
1824, was indeed of outstanding imjjortance, because it enabled the 
grain from the Great Lakes to be brought down to New' York, and 
by linking that cit>' to a hinterland of enormous potentialities first 
made it the financial and economic metropolis of the Union. The 
canal crossed tw'o watersheds and had sev'cnty-tW'O locks, but a 
ew'o-horse barge could complete the round trip, except iri the months 
in which the canal was frozen up, in about four weeks; within a 
quarter of a century double locks were required to cope wnth the in¬ 
crease in traffic. Another major canal, completed in 1S31 with the 
help of Dutch capital, was the Morris canal, which carried oral 
102 miles through the hinterland of New York. This had a remarkable 
system of twenty-three inclined planes to cope with the rise of more 
than 900 ft. On entering a lock, a barge, built in two parts and hinged 
at the middle for easier handling, came to rest on a trolley which ran 
on rails, the total W'cight of 110 tons being carried down by gravity 
and hauled up-—a 50 ft rise in mins.—by a drum and cable worked 
by water-w'heel {Fig. 221). The Pennsylvania canal, another construc¬ 
tion of the 1S20 s, w hich had a length of nearly 400 miles and rose to 
a height of well over 2,000 ft, was the only other successful attempt 
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CO link the Atlantic states with the Ohio ri\*er area, where by 1850 
the State of Ohio alone had over 1,000 miles of canals out of a total 
of 3,700 in the Union- Despite such exceptional enterprises, Ameri¬ 
can canals as a whole remained local in their commercial significance, 
rapidly ghing place to the railways after canal construction had 
suffered an early check in the commercial crisis of 1837. 

On the continent of Europe, by contrast, the interest and im¬ 
portance of canals was well-nigh universal. In Russia, for instance, 
the large number of navigable rivers had attracted attention to the 
possibility of canal links in the time of Peter the Great. By 1760, 
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3,000 80-ton craft a year were travelling by canal between the Neva 
and the Volga, and no less than three other important canal Unb 
were opened in the period 1805-11, when Alexander !’s minister 
Speranski organized a transport department. By nud-ceiitury the 
total inland waterway system of Russia reached a length of 50,000 
miles and the average barge haul there was nearly tw cniy^ times as 
long as in Britain. Something comparable to a Russian waterway w as, 
how'cvcr, constructed in Sweden in 1810-3^ under the direction of 
Telford, to link Stockholm with Gothenburg via the great central 
lakes; only 54 miles had to be excavated in a total distance of 360 
miles, but 58 locb were required, cut mainly in solid rock^ 

Farther south a great impetus was given to canal-building by 
Napoleon. He set de Prony, director of the rerived £cole des Ponts 
ct Chaussies, tasks which ranged from the building of the Oureq 
canal to the draining of the Pontine marshes. Then there was the 
Pavia canal, which ser\ ed for irrigation as weU as navigation, and 
much activity in the Low Countriest in 1810 the great St Quentin 
canal, inv-olving two tunnels, was opened to link that region with 
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the rivers Somnie, Oise, and Seine, giving access both to Paris and 
to Channel ports as far ai^ny as Lc Havre, The work of the Napoleonic 
r^ime was continued by its two successors, reaching a climax in the 
reign of Louis PhiUppe (1830-48), during which the Length of the 
French canals was virtually doubled: both the Marne and the Rhone 
were linked with the Rhine, and a number of lateral canals w ere con¬ 
structed to run parallel with rivers that were difficult for navigation. 
In the second half of the centurv'^ France did much more than Britain 
to standardize the dimensions of her canals, which retained much of 
their importance, especially near the coal-helds and the Belgian 
frontier* 

The Low Countries, too, continued to be one of the great canal 
areas of the w^orld long after the time of Napoleon, as they had been 
long before it. In the period immediately after 1S15, a whole series 
of canals w^as constructed east and west from the coal-fields of the 
Mons and Charleroi area* A second important series linked inland 
ports with the sea, so that a river-route originally canalized in 1722 
continued in the mid-nineteenth century to be the way by which 
2cxj-ton British schooners carried Mersey salt from Ostend up to 
Bruges, while Ghent in 1827 built a new'ship canal along the line of 
3 sixteenth-century' predecessor to the Scheldt estuary'. A third ship- 
canal so miles long, w ith a minimum depth of 18 ft, was constructed to 
give better access to Amsterdam by by-passing the shallow waters of 
the Zuider Zee. Later in the century the ancient connexion between 
transport canals and w'orks of drairEage and irrigation was rcv'i%'ed 
in the building of the North Sea ship canal, for this w'as an impor¬ 
tant step in the reclamation of the Zuider Zee, first planned about 
1840 and finally completed in our owu generation* 

The length of the German canals at no time amounted to much 
more than half that of the French, their main purpose being to 
provide connexions with the Rhine and Elbe, the tw o rivers which 
between them carried the major part of the water-borne tirade of 
the country. But the German canals w'ere given dimensions to corre¬ 
spond w'ith the river improvements* The Ems, for example, in 1877 
could float no cargo in excess of 80 tons: by the end of the century 
6oo-ton cargoes could not only pass along the river, canalized for 
55 miles, but along the 94 miles of the new' Dortmund-Ems canal; 
this had a 46-ft lift in a 223X2S-ft tank holding 8 ft of water. The 
German empire also built the first modern ship^anal of international 
importance, the Kiel canal, which by 1914 carried 10 million tons 
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a year of Baltic shipping. It had a small-scale predecessor m the 
Elder canal^ by which Christian VII of Denmart in 1784 lirtked the 
south-^west corner of the Baltic at Kiel in Schleswig with ^e upper 
waters of the Eider river, which flows out into the North Sea just north 
of the Heligoland Bight* One hundred and ten years bter, after 
Schleswig-Holstein bad passed ffont Danish into Prussian hands, the 
much wider and deeper Kiel canal was made, with a course of 59 miles 
to the estuary of the Elbe. Both these canals saved shipping a long 
and rather dangerous passage round the Shaw ■ their construction 
was made relatively easy by the datucss of the country and the 
av'aibbility of water from the Eider, 

The Suez canal was an enterprise on an altogether larger st^lc, 
92 miles long, 26 ft deep—this was later increased—and 72 ft wide, 
and equipped with docks, sidings, and a signal sptem. Although the 
benefits that such a canal offered to European trade with the Far 
East and Australasia now appear indisputable—its influence in pro¬ 
moting the use of steamships has already been mentioned (p> 373 )“y 
its construction, was greatly hampered by British opposition, since it 
would create difficulties for nav'al strace^'. It was begun by a French 
company under Ferdinand dc Lesseps in 1859, but it was not und 

1866 that his pertinacity was rewarded with the Turkish sultan's 
final approval of the cutting of the canal as *onc of the most desirable 
events in this age of science and of progress’* Apart from extensive 
harbour works at Port Said and the removal of some banks of rock, 
one of which, at Shaluf, required the special employment of 1,500 
Piedmontese labourers, the main task was excavation of earth- In 
all, about 2,650 million cu- ft were removed, much of it by the hands 
of the feUahin—^though forced labour w'as forbidden by the sultan 
in 1S63—but most by the introduction of dredgers- Ihe French 
contractor Lavalley devised a type of trough-dredger, which de¬ 
posited silt by long shutes reaching w'cU beyond the canal banks; a 
floating sand-pump was invented, to deepen the bed of the canal by 
ploughing and suction (Fig. 222); and chisel-pointed rams were in¬ 
troduced, so that rock or other hard material could be broken up to 
a manageable size for steam-driven chains of buckets to handle, fiy 

1867 sixty dredgers, including twenty-two long trough^redgers, 
were shifting 56 million cu. ft a month, which was four times what 
was done by a force of 7,500 labourers. 

The Suez canal prospered from the time of its opening in Novem¬ 
ber 1S69; by 1S79, 3 million tons of shipping already used the new 
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route annuaUy, and by 1901 it took nearly tt million tons. De 
Lesseps therefore encouraged to attempt what seemed to be the 
equally feasible project of a sea-lei»'el caital through the Panama 
ist^iis. He failed, and died in disgrace; the American loct-^^nal, 
built under quite different conditions of politics, finance, and hy¬ 
giene, was completed in 1914, 
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RAILWAYS: THE PERMANENT WAY 

As regards the construction of the permanent way, the problems of 
the railway engineers were in some respects the same as chose that 
had already been tackled for the canals. In each case the shifting of 
enormous quantities of earth by a vast cjqienditutc of the then cheap 
manual labour was the key process (Fig. 223)* The earliest railw'a)'s 
resembled the earliest Fnglish canals in being planned to follow as 
dat a route as possible, for the early locomotives could not be relied 
upon to take severe gradients (p» 3S0). Thus the London-Bitming- 
ham route, opened in 1838, and the London-Swindon section of the 
C 5 reat Western route to Bristol w'hich Brunei had surve^'ed in 1833 
in less than a month, were very nearly level. But the later railwa^ys 
in all parts of the world drove straight courses rather than deviate 
around any but the most unmanageable obstacles^ As speeds in¬ 
erted, safety required curves to be less severe: in Britain the 
minimum approved radius was one mile, even with a gender transi¬ 
tional curve at either end* When the railways did resort to such de¬ 
vices as zig-zagging and corkscrewing, it was in order to overcome 
Irarricrs like the Alps first passed by the Vienna-Triestc line in 
1853—where canal work was never even contemplated. The result, 
therefore, was an altogether greater expenditure on bridges and 
tunnels (pp* 4S2, 457}, 

Even on level ground it might sometimes be difficult to provide 
a base firm enough to bear the weight of a fully loaded train. The 
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liverpool and Manchester Railway, for instance, was able to cross 
Chat Moss only by the expedient of sinking huge bundles of faggots, on 
to which loads of stone and earth were tipped. In some similar cases 
later, it was found necessary to use huge piles of timber or concrete. 
In many wet areas special drainage works were needed to preserve 
the line, and in particularly exposed situations it might require to 
he protected from snow-drifb or landslides by screens and tunnelling- 
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In general, however, apart from brid^ngand tunnelling the main 
task of construction w^as to mate cuttings and embankments, the 
latter as far as possible built up from the spoil of the former. The 
width of the wort was determined in the first place by the number 
of tracts and their gauge; even main lines were often single-tract 
only, either because they traversed vast, sparsely populated areas, as 
did the Trans-Siberian Railway, which was begun in the iSgo^s, or 
because natural difficulties inevitably made the tract expensive, as 
was the case with one of its smaller contemporaries, the Bergen Rail¬ 
way, which rises to 4,000 ft in the Norwegian mountains. This was 
also one factor in the so-called ‘battle of the gauges' in English rail¬ 
way history; if Brunei's 7-fc gauge rather than, the present standard 
gauge of 4 ft S| in. had been approved by Parliament in 1848, the 
capital cost of the British main lines would have been substantially 
increased. But the over-all width of cutting or embankment depen¬ 
ded upon a further factor, the angle of repose, that is to say the slope 
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which the ground abo\T oc below the railway would rcnialii firm, 
ror embanhmcntSj stnictural rules were worked out that took ac¬ 
count of the type of material. In a cuttings a rock face could nor¬ 
mally be left very steep^ but not a face of earth and stones^ unless it 
foi^d worth while to add a retaining wall of stone or bricL 

reme figur^ are available for the work involved in building the 
ast of the British mam llnes^ the Great Central Railwajj an alter^ 
fro™ the north, which opened its London terminus at 
hr M^Icbone in 1899. To construct 105 miles of double track re¬ 
quired the ejcca^on of jySa million cu. yds of earth and rock. 
About 660,000 cu. yds of brickwork were laid, together \%ith aao,ooo 
cu. y^ of TOncretc and 9,000 cu. yds of ashlar masonry. The amount 
0 ^ alla^ laid was just over a million cu. yds. This work was done 
Midland plain: ctsmparison may therefore be made 
\vidi the fiist stage of the Bergen Railway in Norway, a 67-mik 
single hne completed to Voss in 1883, for which more than a 
million cu. yds of rock had to be removed by blasting. 

^ c steam-excarator was brought into use during the construc¬ 
tion of the first Pacific railway in .America in the 1830’s, the stone- 
crusher in America in 1858^ where it was first used for roads (p. 436); 
track-laying machinery and cranes to lower the raUs from the front 
0 cD^^ction trams that advanced with the railhead were intro- 
du^ there a decade or so later. But a great part of the wort stiU had 
to be with pick, shovel, and wheelbarrow. The base must be 
amng with a sUght camber and provided with occasional drainage- 
c^cls tor ram-water, so as to prepare a suitable surface for the 
^J^t; the ballast of broken stone or iron sbg was then deposited in 
mo layera, arranged to give maximum drainage as well as stability-; 
na y each wooden sleeper—the ‘dormant timber^ in earlier 
^ carefully embedded. On the whole, the 
. ^ labour came through increasing use of 

emrin!^'^? ”1! tip-wagons to operate between the 

embankments, enabling the spoil from one to be con- 

nfl 

^ r exacting as the growing weight 

and speed of the traffic necessitated the use of heavier rails fp. jia). 

BRtOGLS 

buadh.r5hce f S'”*, repetitive than most forms of 

u ding, smee the problems presented by the interrefalionship of 
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land and vi'atcj: on the site are almost iniijiitely v'arlijble* It also prcK 
vidcs a more critical testing of the builders^ work^ as we arc reminded 
by the stLU-familiar story of the Tay railw ay bridge disaster of Deceni- 
ber 1879, when seventy-three persons were drowned through the 
failure of the longest bridge in the w'orld wdthin eighteen months of 
its erection* Moreover* great bridges played a special part in the 
development of both Europe and America dkiring this period—in 
the embellishment of large cities old and new * in making new road 
routes possible, and still more in enabling the railway to keep a 
straight course across valleys and rivers, and even the narrower 
arms of the sea. The bridge-builders therefore deserv'e our attention* 
The first great name in eighteenth-century bridge-building is that 
of Perronet (p. 404), whose engineers w ere taught to flatten their 
arches—the low gradient being of great assistance to wheeled 
vehicles—so that the crown rose as little as one-twelfth of the span 
above the springing, and to thin the piers until they were only one- 
tenth of the span. Such bridges w^ere elegant and convenient while 
remaining within the limit of safety. The l^t of Perronet’s w'orks was 
a bridge in Paris* originally designated the Pont Louis XVI* of which 
the road ran level from the quays ivhile its slender piers reduced the 
obstruction of the waterway to one-third, as compared with two- 
thirds in some of the great Roman bridges. Begun two years before 
the Revolution* it w'as finished with stone from the ruins of the 
Bastille and had among its earliest users the mob assembling for 
Louis XV Ps execution in the near-by Place de la Concorde, from 
w'hich the bridge now takes its name. The temporary timber centres 
on which Perronet built up his arches were made of bolted pieces 
carrying the thrust to the permanent piers, and when the bolts 
had been removed the wtole temporary structure was made to 
collapse into the river by pulling at ropes, .'\n improved centring 
which used multiple wedges* so that it could be lowered bit by hit 
while testing the permanent structure, thereby diminishing the risk 
of catastrophe if w^cakness became apparent* was introduced by a 
Scotsman, Robert My Inc—^the last important British architect to he 
also a civil engineer—wiien he began die construction of Diackfnars 
bridge* London* In 1760 (Fig. 224)- This was the first British bridge 
with an elliptical arch; other interesting features were the resting of 
the caissons on piles and the employment of a rather crude inverted 
arch for transmitting the thrust of the nine spans* the largest of 
which w^as too ft* 


BUILDING CONSTRUCTION: TRANSPORT 


IS 


^50 


ITirec famous masonry bridges for London were pbnncd by 
John Rennie—who together with Telford established in Britain the 
system of over-all contracts for all trades required in an eogineering 
project—in the period following the Napoleonic wars. The first 
Waterloo bridge, which intrcdnccd granite for bridge-building to 
London and of which the sculptor Qmova said that ‘it was worth 
a journey from Rome to see*, was completed by him in 1S17, the 
new' London Bridge (since widened) by his sons in 1831, ten years 
after the designer's death. Its longest span (152 ft 6 in.) was the first 

in Britain to exceed, though only 
by 12 ft 6 in., that of the Pont-y- 
ty-Pridd over the swift-flowing 
TafT in Glamorganshire, which a 
local stonemason had built by the 
light of nature at his fourth 
attempt in i75&* Rennie took over 
Mylne*s sy'stem of bridge-cent¬ 
ring and his use of the inverted 
arch, but in place of caissons he 
founded his bridges on piles buUt inside coflfer dams : by this time the 
steam-engine had been adapted to w ind up the pile-driving hammer as 
well as for haulage gear* But it was Rennie's third and most famous 
bridge at Southwark w'hich introduced cast iron as a new structural 
material to London. 



Pio. 224. Mylnic’a bridge ^^vc^ liic 
Tbama 2t Ekekfrun, sho'nijig 'dtaEiii^ 
stm in pwiiioii 


III 1779 Abraham Darby of Qsalbrookdale, the third-generation 
owner of the famous ironworks (p. 147), designed, cast, erected, and 
largely paid for an almost semicircular iron bridge w'hich gave his 
workpeople and vehicles access to the farther bank of the Severn 
(Fig. 225). The 70-fc-long main ribs wore cast in open sand-moulds 
direct from a blast-furnace j the parts—w'cighing in all 378^ tons-^ 
w'crc hoisted up, fitted together, and secured by wedges without a 
single bolt or rivet. Although cast iron had never been used struc¬ 
turally on this scale before, the ironwork (though not the approaches 
of masoniyj has stood the test of time: the bridge is still used by 
pedestrians* 

The achievement aroused widespread interest. Tom Paine, for 
instance, celebrated the triumph of the American Rev'olution bv 
designing an iron bridge with thirteen ribs, one for each state in the 
new' republic, to be cast in England for erection in Pennsylvania: 
a casting was made, and exhibited in London in 1791, but the bridge 
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wis never erected. The second iron bridge was built by Telford a little 
higher up the Severn to replace one that had been carried away by 
flood in 1795, and at about the same time a much more ambitious 
one, with a span of 236 ft, crossed the river Wear at Sunderland. In 
the latter structure, however, the use of solid iron ribs meeting at 
the crown of the bridge was superseded by ribs built up over timber 
centring from openwwk cast-iron voussoirs and wTOught-iron straps. 
Rowland Burden, Member of Parlia^ 
ment for Sunderland and director of 
the Rotherham iron-foundry that built 
[he bridge, took out a patent for this 
t\T[)eof construction. But w hen Telford 
tw'o years later proposed to build a 
cast-iron London Bridge (Fig. 226) 
with a span of 600 ft, a House of 
Commons committee, unable to ex¬ 
tract a reliable figure for the strength 
of cast iron from a host of conflicting 
expert witnesses, turned down the 
scheme. Rennie, how^cver, produced a 
test figure while he was building Southw^ark bridge. This was com¬ 
pleted in 1S19 and had a life of just over a century; the central span 
w*as of 240 ft, with shorter side spans; and the Rotherham firm 
referred to above made both the segmental iron ribs and the thirteen 
voussoirs forming each arch. 

A pioneer suspension-bridge, hung from iron chains by vertical 
rods, wus built by James Finley in Pennsylvania in 1800, and the 



Fig. sKj. The iran 
Si^ytra AL Codlbn>oL 4 tb, from a 
tndc token 



Fm. 216 . Telford^s ambarioia but uaieiUzed plan, fur a new Ldndcm Bridje, 1797 


difficulty of making big iron castings in America during the earlier 
part of the century gave iron suspension-bridges a considerable vogue. 
In Britain the earliest were buik for tempestuous Scottish rivers. In 
order to dispense with masoniy' piers supporting arches in mid¬ 
stream, w'hich w'ere Liable to be undermined by flood, wrought-iron 
suspension chains consisting of flat Jinks were patented by (Sir) 
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Samud Brown, the designer of rvii'o Important suspension bridges 
over the Tweed, though one at Bcnvick, with a 449-ft span, was 
blown dowTt w'lthin six months^ His links were nevertheless adopted 
by Telford for the great bridge which carried the Holyhead Road 
across the Mcnai Straits on chains 5 So ft long* The original timber 
deck proved too light, and w as wrecked in a storm in 1839 only thir¬ 
teen years after completion, but although it sometimes heaved as 
much as 16 ft the bridge itself, with its original Iron chains, carried 
the road traffic to and from Anglesey without rebuilding until 1939. 
Wire-suspension was first used for a road-bridge by Marc Seguin 
near Lyons in 1:825. "Within ten years a span of 870 ft had been 
achieved by an associate of Seguin in Switzerland, who employed a 
cable made up of r,ooo w'ires bound with wire wrappingj but this in 
turn was exceeded by Charles EUet, the ‘Brunei of America^ whose 
cable-bridge over the Ohio in 1848 w^as the first in the world to span 
more than a thousand feet. But the fact that it w as seriously damaged 
by a tornado only six years afterwards, and that Ellct lost at least 
two other bridges through uncounteracted swaying, were reminders 
of the dangerous weakness of this form of bridge unless girders w ere 
used to stiffen it, thus depriving the structure of the lightness and 
cheapness which were among its merits. Robert Stephenson accord¬ 
ingly rejected the suspension bridge for railway work, and when 
1 . K* Brunei used it in 1852 at Chepstow*, where special allowance 
had to be made both for the needs of navigation and for the 40-ft 
tidal range of the Wye, he put in wTought-iron, tubular top-booms 
9 ft in diameter and supported each of the two railway tracks on a 
pair of WTOught-iron girders. 

Meanwhile, truss bridges, for which Palladio had published the 
first known designs in 1570, had made great headway in America, 
where the architect Ithiel Towti in 1820 secured a patent for 2 type 
constructed in diamond pattern with w'ooden planks and wooden 
piers, roofed and weather-boarded ; since this could be erected by 
carpenters from local material, royalties at not less than a dollar per 
lineal foot yielded him a considerable fortune. The earliest American 
railway bridges were of this kind, to be compared with the inexpen¬ 
sive wooden tresde viaducts long employed in English railway- 
building in districts like Cornwall, w’herc traffic w’as light. Li the 
1840*5 T. W, Pratt and other American engineers designed improved 
composite trusses, using wood and wrought iron, and as late as 
1873 Pratt patented a truss of w ood and steeL 
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But Britain^ where timber was relatively scarce and cast iron plenti¬ 
ful, for a time built railway-bridges of cast iron, of which the most 
notable—though it Includes some wrought iron—was that erected 
by Robert Stephenson in 1849 at Newcastle upon Tyne* The rail¬ 
way is carried just above the level of the crown of the six tied arches, 
and there is a roadway at the level of the tic; at both levels the bridge 
still copes with modern traffic. Such solid construction w as helped 
by the fact that by the close of the cast-iron age, as w e may call it, 
the making of the foundations of bridges had been greatly improved. 
Stephenson was able to drive in the piles with a Nasmjth steam- 
hammer delivering a blow a second; Brunei at Chepstow' could build 
a ca^t-iron tower upon the river-bed, to carr)-^ one end of his sus¬ 
pension chains, by the use of compressed-air caissons* 

Such caissons w'cre first introduced for constructing foundations 
on marshy ground by the versatile Sit Thomas Cochrane (later 
tenth F.ar! of Dundonald) In 1830. The essence of the si^tem was the 
pumping of compressed air into a working-chamber at the bottom 
of a caisson, the pressure being raised to correspond with that of the 
water outside as the cutting-edge of iron or steel reached greater 
depths* The w'orkers themselves, and the spoil which they were 
removing from the river bed, were brought out through an, air-lock 
in the roof of the working-chamber. As the caisson sank the side 
walls were extended upwards, section by section, so keeping the top 
always above water-level: in effect, the foundations were built from 
the top downwards* Although Brunei used caissons on a considerable 
scale for the Royal Albert bridge (p. 454), it w'as the bridging of the 
Rhine at Kehl by Fleur Saint-Denis in the same year (1859) which 
fully established the system, in the sense that the final masonry was 
placed direct on the top of the caisson* One gmvc complication was 
the fact that the use of compressed air gave rise to the painful and 
often fatal caisson disease or ‘bends'. If the decompression process 
for men emerging through the air-lock from great depths was not 
snfficiently gradual, bubbles of nitrogen became liberated in the 
tissues — a physiological condition, encountered also by deep^ea 
divers, chat was not fully understood and effectively guarded against 
until after the end of the century'. 

Robert Stephenson’s Britannia bridge, which carries the railway 
across the Menai Straits at a point a few hundred yards south¬ 
west of that chosen by Telford, where the water is much wader but 
divided by the Britannia rock, was much more remarkable than its 
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neighbour. The main feature was the use of pairs of huge rectaugubt 
wTought-iron tubes designed after careful testing in association with 
Fairbaim, the shipbuilder^ and Eaton Hodgtinson, a Fellow^ of the 
Royal Society who bad made a special study of the strength of 
materials. Their span over the w'ater was 45$ ft—and there was no 
precedent for a wtought-iron span exceeding 31 ft 6 in. The tubes 
were made up of the riveted wrought-iron plates developed for 
boilers and iron shipbuilding: the solid tube form,, which was un- 



Fiu. al 7 ^ Om df the 459 -ft nib« uf ihc Britumu bridge being Ikaml into position, 

prior to niring^ 1^4^ 


necessarily heavy and harboured noxious fumes, was soon dispensed 
with for later bridges, but the material was adopted for innumer¬ 
able girder-bridges. The Britannia bridge also provided a dramatic 
novelty in its mode of completion. Heavy tow'crs remiruscent of the 
massive architecture of ancient Egypt had been erected to carry 
suspension chains, but Stephenson found the cost of the latter ex¬ 
cessive, and in the end the tubes were floated out on pontoons (Fig. 
227) and lifted into position by hydraulic jacks installed near the 
tops of the towers. 

In spite of Stephensontriumph and the successful use of oval 
tubes, 17 ft by 12 ft in diameter, for I K. Brtincfs Ropl .^bert 
bridge over the Tamar (iS59), which carries the railway mto Corn¬ 
wall at the same height above high water (too ft) as Stephenson^s, 
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the future of lung-span bridging lay us-ith the suspension system. This 
is the more remarkable because it wus not until the t^ventieth century 
was well advanced that a fully satisfactory theoretical explanation 
was found for the W'ay in which continued vibrations from w ind or 
even traffic may build up potentially destructive oscillations. The 
present-day engineer can contemplate spans of as much as 10,000 ft; 
but Britain with her small distances had relatively little need for 
them, and the climax of her ninctcc nth-century suspension-bridge 
construction was reached with the bridge over the Avon gorge at 
Clifton in i86a. This was a design by L K. Brunei, though completed 
after his death, using the huge wrought-iron chains made tw-enty 
years earlier for his Hungerford bridge over the Thames in London, 
which had been dismantled to make room for Charing Cross station. 

But the most important advances in technique w-ere made by 
John A. Roehling, an early German immigrant to America, with a 
form of wire cable that he patented in 1841: unlike the stranded 
wire ropes of earlier practice (p. 45^)^ weakened 

by Twisting, this w'as made up of parallel wires laid separately and 
then wire-bound. It was first used on a brge scale in 1855 for the 
Grand Trunk bridge at Niagara, which carried a singlc-tryk rail¬ 
way above a road and—what was more important-sustained the 
rail load with unprecedented success. Stiffening girders were placed 
bctw'een the decks (a device which w'os also used to steady the Oifton 
bridge), and it was further strengthened against the action of the 
wind by w ire-rope stays above and below the deti. The weight was 
carried on four main cables, which had a ro in. diameter after bind¬ 
ing. The same method \vns employed by Rocbling for the Brootlym 
bridge, New' York—which was completed in 1883 by his son, W. A. 
Roebling, although he had been rendered a permanent invalid at 
thirty-five by caisson disease—and became standard practice for all 
the great American suspension bridges that followed. Suspension 
was by galvanized steel wire (p. 498), of which the standard thickness 
wus one-fifth of an inch, placed in huge reels at the two ends of the 
bridge. Loops of w ire were then hauled across in both directions by 
pulley-wheels on endless ropes tarried over the towers; they were 
adjusted by men on the cat-walks to secure the correct level and 
uniform sag; and the wires were finally bunched and bound together 
(Fig- 228)* 

At the close of the ninetccnih century steel was rcplaring iron as a 
bridge-building material, and at ChStellcrault, north-east of Poitiers, 
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Hennibiquc bad even introduced the use of reinforced concrete 
(p. 418). J. B. Eadsj who Had built armoured gun-boats during 
the American Civil War, used steel for the three 500-ft arches of 
his great bridge at St Louis, which M'as designed to give a height 
dcaranoc of 90 ft, allowing 40 ft for a maximum Mississippi flood and 
50 ft for the great smoke-stacks of the river steamers. To secure 
adequate foundations in the sandy river-bed, he introduced from 
Europe the use of compressed-air caissons, but there also the 



Fja. 3 z8 . Compacting and binding caNcs on Brooklyn bnd^ 


problem of the erection of the huge arches, for which it w^ould be 
esiremely expensive, if not entirely impracticable, to erect staging 
over the water. To overcome this, temporary tow'ers w ere buQt on 
the piers, over which cables were passed to tie back the halves of each 
arch during construction. 

Within a few years of the successful completion of the St Louis 
bridge in 1874, the cantilever principle was more fiiUy employed 
for the steel railway bridge over the Firth of Forth (Fig. 229), 
designed wnth the Tay bridge disaster freshly in mind, yet with 
spans so great that they were now here exceeded until 1917. To pre¬ 
serve the balance, the work was built out simultaneously on both 
sides of the three immensely strong main piers, which were made 
nearly four times as wide at the base as at the top to resist gales— 
a device that its designer, John Fowler, picturesquely described as 
‘the straddle of Henry VIIF. Two of tlie piers had shorter members 
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linking them with the shore, but the main spans, which linked them 
with the centre pier on the island of Inchgarvic, required a total 
reach of 1,710 ft. The candJever arms left gaps of 350 ft, across 
which the plates were built out from the cantilevers. The precision 
of the assembly, using hydraulic cranes and riveting machines, w as 
such that, when the work from the two sides was to be joined up, 
it required only hastily improvised fires of w'ood-shavings and waste 
to expand it by i in. for the final bolts to be inserted. Steel plates 
16 ft long, 4 ft 6 in. wide, and up to i± in, thick w ere fabricated on the 
spot and bent into shape in a a,ooo-ton hydraulic press. The use of 
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54,000 tons of open-hearth cast steel in a single structure, the 
organization of temporary shops and yards cov'ering an area of 50 
acres, and the final success of the V2st enterprise, which on its com¬ 
pletion in 1S90 reduced railway travel-time to the north of Scotland 
by an hour, make a fitting climax to the stor}' of British bridge-build¬ 
ing in the Victorian era. 

TUNNELS 

The most important British railway tunnel, that which passes 
under the Severn, was completed three years before the Forth 
bridge but a few' years later than the historic Mont Cenis and St 
Gotthard tunnels under the Alps. The development of new tun¬ 
nelling techniques to serve transportation was little needed before the 
nineteenth century^, for there were no important road tunnels and 
the earlier canal tunnels, w hether in sevcntccnth-century France or 
eighteenth-century' Britain, were carried through the solid rock by 
the methods long employed in mining (p. 24s)- One of the two 
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tunnels on the Napoleonic St Quentin canal in France is said to 
have been the first wde tunnel driven through pressure-exerting 
nuterial, in this case sand, by means of timbering and arching. But 
in 1830 the railway had to enter Liverpool by tunnelling through 

soft blue clay as w’cU as wet sand, and 
from that time the construction of 
tunnels under all conditions became an 
accepted part of the railway engineer’s 
duties. 

One of the several modes of excava¬ 
tion was to protect the roof of the im¬ 
mediate working-area by limbers drawm 
forward from a space above the finished 
lining, their front ends being supported 
U|X)n posts which rested on a short 
sUl at the bottom of the heading. As 
the work adv'anced, the spaces above 
the finished lining were successively 
packed and filled. This timber shoring 
\^as quite inadequate, however, for 
tunnelling through such ground as 
exists under the Thames at London, 
a feat that Trevithick attempted but 
had to abandon after cutting a head¬ 
ing 3 ft wide by 5 ft high for nearly 
1,000 ft, while M. I. Brunei with his 
improved shield and immense deter¬ 
mination was able to accomplish it only 
after he had faced two inundations and three minor floodings. 
Brunei’s shield (Fig. 230) enabled thirty-six men to attack the face 
simultaneously, each of them working at a rectangular area approxi¬ 
mately 7 ft 6 in. by 3 ft; there were two intermediate platforms, so 
that the>’ could work at three levels inside the main cast-iron frame. 



Fig. 330. Part ofBruncl’s shield 
for the Thames timnel 


The top and foot of the shield w’ere hinged and were pressed forward 
by jacla working against the completed masonry, while smaller jacks 
held boards against the face, except at the points where it was actu¬ 
ally being cut. The shield was moved forward 18 inches at a time, and 
was followed up by a double arch of masonry set in Roman cement. 
When six men were drowned by the second inundation, work stopped 
for seven years, but resort to a heavier shield and the plugging of 
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holes in the river bed with Portknd-cement concrete enabled it to 
be compleied: the tunnel, which was opened to foot passengers in 
■843. is still in use for the under^ound railw-ay between Wapping 
and Rotherhithe. The next tunnel under the Thames was the 7-ft- 
diameter Tower subway, built in a single year, 1869; this was lined 
with permanent cast-iron rings and for a time accommodated diminu¬ 
tive i2-scater cable-cars. 

The lengths of the great Alpine raiiw-ay tunnels—the Mont Cems 
nearly 8 miles, the St Gotthard gi miles, and the Simplon (begun in 
189S) i2i miles—presented special problems of boring, ventilation, 
and survey. Work on the Mont Cents tunnel to link the Paris- 
Lyons railway with Turin and north Italy was begun in August 
1857, three years before its northern end became French territory 
through the cession of Savoy to Napoleon III; its construction was 
an all-Italian, project, of which France shared the cost. The pre- 
liminarj' triangulation required the establishment of twenty-one sur¬ 
vey points in a difficult mountain terrain; the ooitect alignment for 
the tunnel w'as then marked on posts at the two entrances; and a 
telescope sighted along that line checked the position of a lamp at 
the w orking-face. The tunnel was to be driven through solid rock, 
without intermediate shafts, and at a maximum depth of about 1 mile 
below the summit of Mount Fr^jus. Excavation proceeded from both 
ends simultaneously, working by stages outwards from an advanced 
gallcrv^ about 10 ft square, until the brick walls enclosed a space 
26 ft w ide and 25 ft high to the crown of the arched roof. The blast¬ 
ing was done with gunpow'der, and pneumatic drills operated by 
water-powered compressors came into use during the progress of 
the work, speeding it up more than threefold. The compressed air 
from the drills ventilated the advanced galleries; farther back the 
tunnel was divided by a horizontal biattice, so that a current of air 
could be drawn in through the lower half and expelled through the 
upper,a technique w hich was known to medieval miners. There were 
long delays in the early years, but the twn ends were successfully 
joined on Christmas Day, 1870, and the tunnel was opened the 
following year (Fig. 231)^ The St Gotthard tunnel was constructed 
at the rate of a mile a year, as compared with half a mile for the 
Mont Cxnis, a fact that may be accounted for by greater experience, 
by the availability of rock-drilling machinery from the start, and by 
the use of dynamite (p, 547) for blasting. But it cost over 300 lives 
from among the w'orkmen, mainly Italians^ The existence of seven 
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spiral>turns in the approaches made the alignment extraordinarily 
difficulty but when the advanced galleries met in the middle of the 
mountain, the difference in height ^'as only 4 in., and horizontally 
beD^ een 6 and 8 in.—a striking example of the predsion that survej'- 
ing instruments had then achieved. Altogether, the St Gotthard route 
required 28^ miles of tunnelling in 105^ miles, but its completion 
in 1882 (the year of the Triple Alliance) reduced travelling-time 
beh^'cen Germany and Italy by 36 hours. 

The i88o*s were also a decade associated ^lith three great under- 
^•ater enterprises in Britain: namely, the proposed Channel tunnel. 



Fig. 231. The hrst train traverses the Mont Cenb tunnel, 1871 


of which a mile or more was excas'ated at the Dover end in 1882 and 
1887 in the face of much military and political opposition that only 
now seems to be abating; the mile-long railway tunnel connecting 
Liverpool and Birkenhead (1886); and the more ambitious Severn 
tunnel, also opened in 1886. The last, over 4*3 miles long, took 
thirteen years to build, chiefly because of a disaster in 1879, when the 
Big Spring was encountered (Fig. 232) and flooded all the works, 
which by that time extended under nearly the whole wdth of the 
estuar)'. Additional pumping plant had to be provided and extra 
shafts sunk on the landward side of the Big Spring. Certain pre¬ 
cautionary measures had been neglected in the panic, and these were 
later carried out by a diver equipped with compressed oxygen who 
penetrated 1,000 ft through the flooded tunnels. In the circumstances 
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it is understandable tliat the tunnel was eventually provided with 
3 pumping powder that could deal with more than, twice the maximum 
water-int^e cxpcrienccdj w'hich was 30 million gallons a day. 
Another striking feature is the size of the ventilating fans needed at 
the ends of the tunnel to cope w ith the effects of heavy traffic drawTi 
by steam locomotives, the one in the main shaft on the Monmouth¬ 
shire side being 40 ft in diameter. The lining is of ai-3-ft-thick 
vitrified brick set in cement. 

Newer methods and materials appear in the construction of the 
Hudson raver tunnel, New York, which was begun in 1874 but as a 



Fig. 232. Scciwq of die Severn tuiwfl as in October 1 £79, when the Bi$ Spring ELooded 

the works 


result of financial difficulties was not completed until 1908, The pro^ 
ject involved the driving of two tubes, 16 ft w ide and 18 ft high, 
mainly through underwater silt; the river is a mile wide. The ex¬ 
cavating was done in a compressed-air chamber at a pressure of 
35 lb per sq. in., requiring for medical reasons the use of an air¬ 
lock at ground level,in which the air pressure could be slowly reduced, 
to prevent caisson disease among the workmen. At a later stage three 
British consulting engineers, including J. H. Greathcad who had 
made the Tower subw-ay, introduced a steel shield (Fig. ^33), which 
w^ jacked forward by hydraulic rams w hile comprised air kept 
out the silt and water. At the tail of the shield, providing the butt 
against which the jacks worked, rings of cast iron formed the tunnel 
lining: such rings are both durable and readily handled. A speed of as 
much as 72 ft in a w eek was being achieved when financial diffi¬ 
culties intervened a second time. Greathead, however, successfully 
demonstrated the value both of his cast-iron rings and of w hat came 
to be known as the ‘Greathead shield' in 1890, when he completed 
the first 3i-milc ‘tube' for the City and South London railway (p. 
383), His methods continued in use as the new' type of transport 
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spread under London, but compressed air was employed only where 
the line came out of the clay into >^‘atcr-bearing gravel. 



Fia 233. Steel shield used in constniction of the 
Hudson ri^xr tunnel 


LAND WORKS FACILITATING SEA TRAFFIC 

The improved road, the canal, and the railway were among the 
most important of the many influences that stimubted the growth 
of sea-borne trade. Thus the annual tonnage of shipping entering 
the Thames \^-as i J million in 1800 and 13 million in 1891. Such a 
development could not have occurred without a corresponding 
increase in harbour facilities of all kinds. In the hte eighteenth cen¬ 
tury John Smeaton recorded a depth of less than 4 ft in the part of 
the Clyde where the Queen Mary \\-as later bunched. But even before 
a ship entered an estuary, building construction had a major part to 
play tlwough the development of lighthouses: it is significant that 
the building of the best known British example v^'as almost exactly 
contcmporar)i' with the begmmng of the great industrial changes in 
the reign of George III. 

Lighthouses on the ^dystone rock, built chiefly of timber, had 
been destroyed by gale in 1703 and by fire in 1755; Smeaton there¬ 
fore rebuilt the lighthouse as the first of the great wave-swept 
towers constructed in stone (Fig. 234). Since the Eddystone Rock 
faces straight into the Atlantic storms in a position to which single 
blocks of great mass could not in those days be transported, Smeaton 
built his stones into the solid rock as far as he could; shaped each 
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stunc to dovcuU into iis neighbour; and pegged caich course to the 
one above and below it with trenails of oak* As he was also at pains 
to find a strong hydraulic mortar (p. 405), the final result was except 
tionally solid. It ultimately became unsafe^ not because of failure of 
the structure but because there w'as some erosion of the rock under 
the foundations. After riding out the storms of i m years j. Smeaton's 
lighthouse was re-erected on Plymouth Hoe, 
looking out across the water to its modem 
successor, one-third higher but four and a 
half times as hca\y, which was built with the 
help of a ootfer-dam. The Bell Rock tow'er of 
iSii (Fig* 235) and the lighthouse on the 
Skeriy'vore Rocks in Argyllshire, built by 
Robert and Alan Stevenson (respectively 
grandfather and uncle of the author), are 
stone towers which still stand, but an iron¬ 
work structure on the Bishop Rock in the 
Scillies, said to be the most exposed situation 
in the w'orld, was swept away by a storm 
in 1850 w^hcit ready to receive its lantern. 

The cast-iron tow'er built a few' years later 
on the Fastnet Rock, marking the southern 
extremity of Ireland, was likewise eventually 
replaced by granite. In general, stone light¬ 
houses were preferred, except w'hen the 
foundations had to be of iron and steel, Fio.aj4.Sm«ton*4Eddj- 
until the days of reinforced concrete con- stone Ughijicnisc, 17591 
struction. 

In 1780, at the height of the American War of Independence, the 
French began the development of an artificial harbour at Cherbourg, 
a breakw-ater surmounted by batteries to keep both the weather and 
the British at bay. In the course of eight years, eighteen cone-shaped 
timber structures, 70 ft high with a diameter tapering from 150 to 
60 ft, were towed out to sea, filled with stone, and sunk. But they 
broke up and the stone heaps, w hich stood at a slope of i in 3 in deep 
WRter, were flattened out to a slope of i in 10 higher up by the action of 
the tide. A bed of blocks weighing 3 or 4 tons apiece w as ev entually 
superimposed and crowned by forts, but storms destroyed them. 
This vast work was not finally completed until 1S50, when VicaPs 
hydraulic lime made It possible to build up a concrete causeway 
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with masonry, reaching from low-tide level to a height of 3 yards 
above high water. Something similar, but on a less ambitious scale, 
was undertaken by John Rennie in front of the harbour at Pl)*mouth. 
He found the same difficulty in getting his material to settle at a 
satisfactorily steep slo|>e, and his great bank of limestone rubble 
assumed much the same shape as the stones that burst out from the 
timber frames at Cherbourg. But the English design, which was 
carried out in 1812-41, used lo-ton blocks for the exterior, because 



FlO. 335. Building the Bell Rock lighthouse, 1811 


these would stand at a slope of 1 in 5, and secured the top by paving 
it with granite blocks set in cement. 

The harbour works at Ramsgate, which were completed by 
Smeaton, are a good example of an entirely artificial commercial port; 
it was badly needed as a protection for ships caught in northerly 
gales near the Goodwin Sands. The problem which faced Smeaton 
in 1774 was the silting-up of the outer basin at a rate with which the 
avaibble labour could not cope. He dealt w ith this by enclosing an 
inner basin, from which the water could be suddenly released at 
low tide through one of six sluices. A barge manccuvTed in its path 
helped the rush of water to scour a wide channel; because of the 
rapid flow the suspended material wras deposited w'ell aw'ay from 
the harbour entrance. The same principle of making the water 
do the work w'as applied later at the mouths both of the Mersey 
and the Ribble, stone being dumped in quantity in order to direct the 
current into particular channels. 
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Dredging equipment, needed from early times to keep water 
channels open for drainage as weU as for navigation bc^ with the 
use of a scoop or bag on the end of a pole, worked from a l^t 
by hand along the bottom of the «atcr. The as ;ve might 

(ipcct (p. 72), took the lead in developing more cffccDve devices, 
such as ladle-dredgers, which cut a wide channel; grab-dredgers, 
cmplov-ing a pair of tongs suspended between pontoons; and the 
mud-mill, which raised soft mud on flat boards rotated by a chain. 
About 1750 a more efficient chaiu-dredger beg^ to come into use, 
which brought up its load in buckets, but the first big st^ m 
modernization was the introduction of steam-power. A 4-h Pj 
ton & Watt engine was harnessed to a ladle-dredger at Sunderland 
as early as 1796; in 1804 a steam-dredger w ith ^ ^ucket-rffiam wM 
developed independently by Oliver Evuns for the Pbladelph^ docU 
and bv Rennie at Hull, whence it spread to the Qyde m 182+ and 
to thcRibblc in 1839. Further improvements were made,^ we have 
seen (p. 445), during the construction of the Suez i^naL The u^ of 
a centrifugal pump with a dredger was begun m Amen^ m 1871, 
and by the end of the centur}' the Liverp^l bar was being d^cd 
by a pump of which the impeller could deal w^th tiiuch coarser ^lids 
than^nd, could work at a depth of 70 ft, and . 

rate of over 200,000 cu. ft an hour, another late ^ 

century dredging device was the pumping of w^ter through tubes 
hid i7a mud deposit, so that the enud 

on the ebb tide4n ehbomoon of the methods of «ish.ng avi’sy sdt 

practised by Smeaton very much , 

But the characteristic feature of the modem indusmal pon «as 
the provision of docks, to make the loading ^es 

independent of the tide and of the cumbrous an . pe , . _ . 

of lifters. Docks were not almgethcr *Vw™ 

centL-the Howland Great Wet Dock at 
plet^n 1700 and a dock was begun at Liveipool m IW. 
when that city first engaged In the slave tiad^yet 
found one to be sufficient until the notortoiis "L. c 

thieves aroused commercial interests to 

began nith the Institution of the Thames Pohee m ‘79S_;^rt= Wert 
Inffia Docks, the first on the north side of the ttver were 
in iS02 by William Jessop, a pupil of Smwton ; 
almost immediately by the London. Docks ymg dockside 

where Rennie introduced cast-iron columns and roofs for dockside 

Hh 
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buildings and the use of steam-cranes on the qua>*side. The opening 
of the East India Docks followed in 1808, and from that time the 
growth of docks continued throughout the nineteenth century as 
both an effect and a cause of the concentration of shipping in par¬ 
ticular ports. For repair purposes, where a dry dock might not 
otherwise be available, there was invented the floating dock, which 
could be towed to any part of the world and would remain afloat with 
a vessel inside it after the water had been pumped out. An iron 
dry dock for use by the Royal Navy was launched at North Woolwich 
in 1868 and successfully towed to Bermuda. 


i6 


COAL AND THE METALS 


COAL-HINIMG 

I N the brtcr part of the eighteenth century coal was a well- 
established industry of long standing in certain parts of western 
Europe^ especially near the north-cast coast of England (Fig, 236), 
where the coal-mlncs were, significintly enough,, the first main scene 
of operation of the Newcomen pumping-engine. It was from this 



Fiff. 336, Con«;yan« of oaJ 6tim nunc tn borje, as shQurn. on ptin of TjntC 
and Wear (jpHierae*, 1788 


engine that the new prime mover sprang, and it w^ by this in¬ 
dustry of coal-minuig that the new prime mover was fueUed and 
kept in action. By 1900 coal was being mined in ev ery continent, and 
the output of the United States already exceeded that of Britain : 
nevertheless, coal enjoys pride of place during this century and a 
half, as the raw material whose abundance above all else enabled 
Britain to benefit from the lead which she had esablishcd in the 
manufacture of the steaiiKngine and the new machine-tools and in 
the development of the new means of transport. The mechanical 
inventions and the production of coal reacted, of course, upon each 
others together, their history provides a succinct summaiy of how’ 
Britain became, and for a time remained, the ‘worbhop of the 
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world*. In 1770, when Watt was at work on his steam-engine, British 
coal output was a little over 6 million tons. In 1856, when Bessemer 

steel began, it stood at 65 million 
tons. By the end of the centurj’ it 
was nearing its all-time maximum 
(reached in 1913) and stood at the 
gigantic figure of 220 million tons. 

For a long time the increase of 
output depended mainly upon the 
a\*ailability of almost unlimited 
supplies of cheap bbour—the pit- 
men*s families, and the Irish im¬ 
migrants to the western seaboard 
of Britain—which was readily ex¬ 
pendable. The steam-engine, for 
which the fuel was so cheaply 
avaibble, made its appearance first 
on the surface, increasingly in the 
form of the high-pressure G>rnish 
engine of Trevithick (p. 325), 
without which deep mines could 
not be freed from water: but its 
emplo)Tnent for hoisting the coal 
and its hewers from the depths 
below came much more slowly. In 
the early nineteenth century Sa>ts- 
women still carried the coal in 
wicker baskets 100 ft or more up 
bdders (Fig. 237). Hand-wind¬ 
lasses were used in the West Riding 
of Yorkshire as bte as the 1840*8, 
and the degree of dependence upon 
horse-whims may be judged from 
the fact that they w'cre then also 
Fio. 337. W'omen ocMl-bcarers, Soof- thought to be adequate for hoisting 
Und, early nineteenth century the earth out of railway-tunnel ex- 

ca>'ations. The horizontal rope- 
drum, I2 -x 6 ft in diameter, round which horses paced, w’as only 
gradually replaced by a winch driven, as a rule, by a low-pressure, 
single-cylinder, vertical steam-engpne. About 1840, also, increased 
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efficiency was achieved by the introduction of wire ropes, which were 
not onJy stronger, but less liable to spin and sway than those of 
hemp. But winding by engine continued to be slow and wasteful of 
steam, and it was difficult to devise any satisfactory counterbalance 
for the varying weight of hanging rope as the load w ent up or down 
the shaft. 

Meanwhile, mines of increasing depth were being worked by hand¬ 
pick and crowbar, in successive areas ha^rdously opened up by 
blasting with ordinary black powder; the safety’^fuse was not in^ 
vented until 1S31. The commonest mode of extraction was that 
tradiuonaUy known as ^bord-and-pillar'", the bords being the first 
excavations made at right angles throughout the seam or some 
smaller area w hich it w as desired to keep separate for safety or better 
ventilation* These divided the rest of the coal into pillars from 22 to 
60 yds sq., which were then removed by cutting slices about 6 yds 
wide off one side at a time. The roof w'as supported by timbers dur¬ 
ing the cutting of the slice, and w^as then allowed to cave in, a plan 
which worked satisfactorily so long as an angle of about 45® was main¬ 
tained between the line of debris and the natural slips or breaks in 
the roof, and provided also that the overlying rock was not more than 
about 900 ft thick: with any greater thickness there was grave risk of 
collapse. In the ven^ deep mines common in the second half of the 
centut}', it became necessary to avoid the risk of crushed pillars by 
taking out the coal in a single operation know n as ^longwall" working. 
By this method a wall of coal about roo yds long is taken out in 
line, and as the wall or face ad\'ances, stone packs are built up at 
right angles to the advance so as to support the roof when the coal 
has been withdrawn. 

Haulage of coal from face to shaft was done at first by loading 
wicker baskets on to wooden sleds* As the distances increased, 
wheeled trams came into use, and at the very end of the eighteenth 
century' Thomas Wilson, the collier poet of Tyneside, was cele¬ 
brating the man 'that first invented metal plates*—that is, light iron 
rails w'hich greatly relieved the work of the haulier. The fact that 
trucks w ere commonly dragged along by roughly harnessed women 
and children is a horrifying circumstance but in the eighteenth 
century' they normally performed the ancillary tasks, however un¬ 
healthy and exacting, which related to the employment of their 
menfolk; moreover, they could haul in passages which were too 
low' even for the pit pony (Fig. 23S), introduced about 1763. The 
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layout of some mines facilitated the use of inclines down which the 
loaded trucks could run^ but there were many others where the route 
to the shaft involved the negotiation of dips. In t8George Stephen¬ 
son wis engaged in altering a pumping-engine for the haulage of 
coal on a dip-road, and by 1840 stationary engines were cor^only 
positioned underground for this purpose. In 1844 the mining en¬ 
gineer, jobn Buddie, introduced a system of endless-rope haulage 
at Wallsend, and the provision of steam haulage gradually became 
common for important main roads, even on the level. But every' 



Fig. 2.39^. 'numiiij' cod tn the BruUey mine, SuBiardshire, cirly nuunKnth amur? 


large mine contained miles of subsidiary roads, which fed the main 
roads with coal, and these continued to be operated by animal 
power, by manpower, and—even after Lord Shaftesbury^s Mines 
Act of 184:^—by boys, once they had reached the manly age of ten. 

The increase in the depth at which coal was worked, that inevit¬ 
able concomitant of the huge increase in the quantity of coal brought 
up, created a third problem, besides the pumping of water from the 
workings and the boisting-up of the products of the w'ork and 
the workers themselves. This problem was the presence of ^ in 
the mines. As long as they remained shaUow, only black-damp was 
encountered — air deRdent in oiy'gen, the danger of which the miner 
could generally recognise in time, because the light he carried gradu¬ 
ally dimmed. But as the use of e^cplosives increased, there w^as far 
greater danger from the presence of after-damp—that is, the product 
of incomplete combustion left after the c^iplosion, with a high con- 
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tent of carbon monoxidc^which renders its victims unconscious 
without their becoming aware of its presence. Thirdly, the greater 
depths held the unexpected dangers of fire-damp. This was the ex¬ 
plosive mixture formed with air when methane gas was liberated 
from the coal scams or their surroundings, often in very large 
quantities. The modern mining official called a fireman was originally 
a miner who safeguarded his fcllo^^'s by going ahead of them into the 


Fic. 239 . Ignidoa of fire-damp 

workings, where he lay covered in wet sacks holding up a lighted 
candle on a long pole to igmtc the gas (Fig. 239). But in spite 
of this risky form of precaution there ^^-as a scries of disastrous 
explosions in the deep mines of north-cast England, which led to the 
formation in 1813 of the Sunderland Society for preventing accidents 
in coal mines. 

The Da\7 lamp, because it was invented by the leading chem^t of 
the day, is something of a landmark in the relations between scien(x 
and technology, as also in the use of technology to serve humani¬ 
tarian rather than purely economic purposes. But it was not the first 
safety-machine, nor was it the only bmp resulting from the Sodet/s 
appeal, nor was it the perfect solution of the problem. Before the 
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middle of the eighteenth century a Whitehaven man had invented 
a flint-and-steel mill which enabled a continuous stream of sparks to 
be struck, bright enough to work by but becoming wamingly larger 
and more luminous in the presence of explosive gas. The device 
spread to the G)ntinent, but it could be a cause as well as a fore- 
Warner of explosions. In local competition with Sir Humphry Davy 
were George Stephenson and an Irish doctor, W. R. Clanny, each 
of whom made a scries of increasingly successful lamps, though it 
was Davy’s third lamp which, when taken un¬ 
derground in January i8i6, caused the collier}' 
manager and engineer, John Buddie, to exclaim 
with optimistic enthusiasm, ‘We have at last 
subdu^ this monster’. In a matter of months 
Da^7 had discovered the conditions under 
which fire-damp explodes, and had considered 
how to make a naked flame safe in them. He 
concluded that a flame passing through a fine 
wire-gauze cylinder lost so much of its heat as 
to become incapable of igniting the gases. 
Moreover, the lamp (Fig. 240) w ould rc\'cal the 
presence of hre-damp by the elongation of the 
flame and the growth of a blue cap upon it. To 
begin with, Davy’s gauze suffered firom the 
defect that when it became red-hot, as it was 
Fia 040. Diry lamp, Particularly liable to do in a draught, the flame 
u used in 18x6 passed through it. To remedy this, a second 
w'as added and a sheltering bonnet, 
while its value as a lamp to work by w’as improved by the pro¬ 
vision of a cylinder of gla^, with the gauze admitting the air cither 
below' or above the flame. Further improvements w’crc made by 
Meuselcr in Belgium and Marsaut in France. 

While the ^fety-lamp was being developed to minimize the risk 
of explosion, improved ventilation was the obv’ious means of striking 
at the cause of the risk: mixtures of methane and air do not explode 
if the methane content is less than 5-4 per cent. The shaft which gave 
acce^ to the mine was also its natural means of ventilation, and an 
obvious safety precaution was to have two shaf^, so as to provide a 
contmuous flow of air through the workings. This was not, however, 
made compulsory until after an accident to a one-shaft mine at 
Hartley, Northumberland, in 1862, when the collapse of a cast-iron 
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beam supporting the large pump blcxiked the only meaii$ of access, 
with the result that 202 men and boys were buried alive. A furnace 
was commonly installed at the foot of the up-cast shaft, so that the 
rising current of hot air might ensure a steady ventilation of the 
w'Orkiriigs, though careful design was needed to avoid pockets of gas 
accumulating away from the main flow; at some mines extracted 
fire-damp might be seen burning at the surface^ The first air-pump 
for vendlatjon, introduced by Buddie in 1S07, was a wooden piston 
working in a wood-lined climber, and it exhausted 6,000 cu* ft of 
air a minute: this compares with 16O1.000 cu. ft a minute displaced 
by Nixon^s ventilator towards the end of the century. About 1S30, 
steam-driven fans w'ere brought in. At the same time it came to be 
realised that the roads which gave access to the coal-face must also 
serve systematically for ventilation. It became regular practice to 
drive parallel roads connected only at the far end, so as to compel 
the air to travel right round. Traffic requirements, however, often 
made it necessary for additional routes to be used, to which the air 
current must be diverted as little as possible: hence the frequency of 
hinged w'ooden doors, w'hich were opened and shut for the passage 
of the coal trams by small children who waited in silence and often in 
darkness, until Lord Shaftesbur)' rescued them. 

In the second half of the nineteenth century conditions of work in 
the coal-mines did not change fundamentally; in i^coboysstiil went 
underground at the age of twelve. Though the perils of damp had 
been greatly reduced, disastrous explosions continued, partly be¬ 
cause the danger of the ignition of fine coal-dust was not yet ap¬ 
preciated, and partly because existing safety regulations were often 
ignored. By iqoo nearly all coal w as loaded on to wheeled trams, the 
rails being laid as near as possible to the coal-face, so that the tubs 
could be Blled wfthout the hewer having to cast his coal back more 
than once or at the most twice. This meant the constructiorii of very' 
numerous roads, and the physical tod of tub-filling remained; no 
satisfactory' coal-face conveyor wfas invented until 1902. As for the 
hewing itself, the first practical mechanical coal-cuttcr was a deviix 
like a circular saw, driven by compressed air. Other pneumatic 
machines followed, in which the cutters were placed on the links 
of a chain or throughout the length of a rotating bar. All suffered, 
however, from the fact that compressed air, while safe for under¬ 
ground use, was uneconomical because of the often considerable 
transmission losses betw'ccn the compressor and the machine; the 
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electric coal-cutterj which eliminated this defect, was a much later 
development. 

In general, the winning of coal^esscntisJ for virtually every 
industry'—continued to depend upon arduous handling, performed 
in peculiarly exhausting conditions; blasting, made safer by im¬ 
proved explosives and easier by the use of the pneumade drill to 
prepare the shot-holes, could only prepare the way. The hewer at 
the coal-face, cramped for space and often unbearably hot and some^ 
times working in very w*et conditions, cut his groove as close to 
the floor as possible and as far in as 4 ft, preparatory to breaking the 
mass down with pick, crowbar, or wedge. Neither the work with the 
shovel or fork which loaded the trams, nor that involved in installing 
numerous pit-props of pine or fir to secure the roof for the excava¬ 
tion, nor the daily journey along low, rough, and often wet passages 
between shaft and face allowed much respite from exhausting 
physical exertion. 


CAST AND WROUGHT IKON 

In the first half of the eighteenth century, as we have already seen 
(p. 147), a new' use for cml had been developed by the Ehirbys of 
Coalbrookdale. By using coal with a low sulphur content, they con¬ 
trived to substitute coke for charcoal in smelting, from carefully 
selected ores, an iron of great liquidity, from which they cast pots 
and similar ironware of exceptionally light and delicate design. But 
the pig iron produced in this way was made brittle by impurities, 
especially phosphorus, which found their way into it because of the 
fusion resulting from the high working temperature. The pigs were 
therefore at first inacceptable for further manufacture, except for 
cheap nails (p. 477), But from about 1760 the adoption of a number 
of improvements brought coke-fired furnaces steadily to the fore. In 
chat year they numbered no more than scv'cnteen; in 1775 there 
w’erc thirty-one; and in 1790, eighty-one—which was practically 
four-fifths of all British blast-furnaces. Moreover, their location, 
Tvliich was predominantly in Staffordshire, South Wales, and parts 
of the Scottish Lowlands—and not in traditional homes of British 
iron-founding, such as the Sussex Weald—emphasized the new 
dependence of iron upon coal, which was transforming the geo-' 
graphical distribution of heavy industry throughout Britain. 

The first change was the making of coke in closed ovens, like 
brick beehives, instead of in open piles, imitated from the burning of 
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charcoal A much more important change, however, was the im¬ 
provement of the iron obtained from the coke blast-furnace by rc- 
melting it in foundry fiimaces. These had previously been used on 
a small scale both in Britain and France to provide iron for such 
purposes as buUet-maldng, and the name of cupola for a kind of 
furnace used in remclting lead dates from The rcmclting made 
the iron more homogeneous and purer, and as the foundry furnace 
employed the reverberatory' principle, there was no risk that the im¬ 
purities in its coal fuel would be transferred to the iron, since only 
the incandescent gases passed from the grate into^ the top of the 
furnace. One result of these changes was an astonishing improve¬ 
ment in the quality of the cast-iron cannon of the British Navy, 
which—according to the envious French—did not experience a 
single burst gun in tw enty years ■ hence, no doubt, their invitarion to 
William Wilkinson CO set up a cannon-foundry in France, which was 
completed in 1785 (p. 286). Butthe use of a foundry^ furnace, though 
desirable, was not absolutely essential: in 1777 Abraharn Darby made 
preparations for casting the first iron bridge by deepening the heart 
of his blast-furnace (p. 450), from which he cast the hridge^members 

The other main obstacle to the use of coke in the blast-fornace 
was the fact that it burned less easily than charcoal* The first attempt 
to meet the difficulty was by increasing the water-power w hich drove 
the bellows, until some ironworks had wheels with diameters of 
30-40 ft. The second was the use of water-powered bfow ing-cyhu- 
ders, introduced by John Smeaton to secure more complete ^m- 
busdon. But the vital change came in I77^f when John Wilkii^n 
employed a steam-engine with a 38-111. cylinder to produce the blast 
for one of his Shropshire fiimaces. WnUm four years he had four 
engines at this work, and by the end of the century^ the Bntish iron 
industry was producing blast air with tw'cnty'-four, almost exactly 
3 per cent, of Boukon & Watt’s total output. Not only did the steam- 
engine enormously enhance the strength of the blast, but the work 
of the fomace could be continued without intermission wherever 
coal and iron ore were available, instead of being dependent upon 
the access to a water-supply, with its seasonal v'ariations. 

British cast-iron production thus came to stand for m advance of 
that of the Continent or the United States* As we have already seen, 
the coke furnace was introduced tentatively into France m 1785 
and six years later into Silesia (pp. 286, 287), but its use remained 
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unknown Jn Belgium unij] 1S23, in the Austrian empire until 1828, 
and in the Ruhr until about i8s0h Meanwhile, Britain extended the 

use of cast iron from utensiU to 
building (as with the bridge at 



duedon, 1740-1839 


Coalbrookdale) and to machin- 
cty. Cast iron was used, for in¬ 
stance, for gear-wheels and for 
the first steam-driven fbige- 
hammers, and in 1784 a London 
flour-iruU was designed with 
plant consisting entirely of cast 
iron. Nevertheless, the form of 
the metal principally in use was 
still wrought iron, and it was 
the application of coal to the 
manufacture of this that'chiefly 


explains the astonishing growth in Britain*s pig-iron production 
from the 1790’s onwards (Fig. 241). 

There was still a grave obstacle to the full exploitation of coal by 
the iron industrj'. Coke-made pigs were, as has already been pointed 
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out, genctaJJy ^odcred too brittle by the impurities they contained 
to senc as the raw material for wrought iron. Moreover, as com¬ 
pared with pig min (P,g. a4a). the making of wrought iron used 
50 per cent, more fiiel per ton of the product-ond the cost of the 
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fuel, the charco^ which had alwaif's hitherto becni used for this pur- 
pose^ was constantly mcreaslng. According to a letter written by his 
widow, the second Abraham Darby, in about 1750, invented an {un¬ 
specified) method ‘to make bar from pit coal pigs^ but the first 
definite progress was made in 1766 by two brothers named Cranage, 
one of whom was a founder in the works at Coalbrookdale (Fig. 243). 
The details of their patent w^erc deliberately \'aguc, but it seems 
clear that they produced in a coal-fed reverberatory furnace a bar 
iron which was sufficiently workable to satisfy the requirements of at 
least the nail-makers. It is also quite possible that the Cranages an¬ 
ticipated the process later known as ‘puddling’, which was certainly 



FiO. 34^. Upper works at Coilbrodkdile, showing izaiifpiort of cylinder (or 
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devised independently by a Welsh ironworks foreman, Peter Onions, 
only a few months before it was launched upon the world as one 
feature of the combined new' process alwai-s associated with the name 
of Henry Cort* 

Cort was the owner of a forge and slitxinjg-mill at Fareham, near 
Portsmouth, which did work for the Admiralty, then a large con¬ 
sumer of Swedish w rought iron. He had experimented for years, and 
was known to both Boulton and Watt, the latter of w horn called him 
*a brother projector'. The essential feature of the puddling process 
which he established in 1784 was the ^raking, separating, sdrnng, 
and spreading about in the [reverberatory] furnaffi’, which gave the 
air full and fairly rapid access to the melted pig iron, so that it was 
decarburized to the point at which it became malleable. As in all 
reverberatory furnaces, the coal used as fuel made no contact with 
the metal. It was Cort who made the puddler, plying his stirring-bar 
at the fumaoe door, one of the key industrial workers for the next 
hundred years (Fig. 244); the weight of the metal and the tempera- 
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cure at which it was nunipulatcd perhaps justify the view' that this 
was the heaviest regular task ever accepted by majin Cent's success 
was enhanced by the feet that he combined puddling with the use of 
grooved rollers^ in which he had been anticipated by C. Polhem in 
Sw'cden in 1745: the combination resulted in great economies. As 
soon as the lump of malleable iron had been brought to the proper 
temperature in the furnace and formed into half-bLootns under the 
hammer, they were made into bars by means of grooved rollers; 
previously a plate had to be stamped and then slit or the bars pro¬ 
duced by hammering. The rollers dealt w'ith fifteen tons of iron in 



Fig, ^44. Iran piiddlcn it work, im(]-mrKttto.ilL emtufj 


the time a hammer took for one, so that puddled iron made up in 
cheapness for its inferiorit)' to charcoal-iron in quality. 

The manufecture of wrought iron, W'hich w^as thus in the ascendant 
at the end of the eighteenth century, suffered a temporary depres¬ 
sion with the cessation of demands for war material in i3i 5, but there 
followed a new period of prosperity, and by 1850 Britain ivas pro¬ 
ducing an annuaJ output of about 2J million tons of iron, including 
cast iroiL One important improvement was the introduction of NeiJ- 
son*s hot blast into the Qyde Ironworks, in Glasgow, in 1829. This 
quickly came into genera] use when it was shown that a preheated 
blast, which gave a substantially higher temperature, was twice as 
effective as a cold blast; applied to stoves working at 600“ F. it pro¬ 
duced three times as much iron for the same quantity of fuel. The 
blast was passed through an oven, whence it entered the furnace 
through a tuyere or nozzle, wrapped in a water-cooled coil to prevent 
its melting I this coil was also a Scottish invention. The higher tern- 
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pcratlire made it possible to use raw coal instead of coke, a matter of 
particular importance to Neilson’s fellow-country men because most 
Scottish coal did not coke well; Scotland also profited from the fact 
that it became possible for the first time satisfictorily to smelt the 
Scottish black-band ironstone. Farther afield, the hot blast brought 
in the use of anthracite for iron-smelting; this was patented in 
America in 1833, practised independently in South Wales in 1837, 
and effectively introduced by Chvid Thomas, a Welsh immigrant 
to Pennsyh’ania, three years 
bter. Not until 1850 was coke¬ 
smelting generally introduced 
into the United States. 

Meanwhile, furnaces also be¬ 
came brger and more efiident 
(Fig. 245). The outer casii^ was 
made round instead of square 
and was raised upon cast-iron 
pillars, so that tuyeres could be 
inserted all round; the tradi¬ 
tional rectangular shape of the 
hearth area in which the molten 
metal collected was likewise 
rounded, which resulted in 
quicker smelting with less fuel. 

For greater economy, oen the 
w’aste gases which had been 
allowed to blaze at fiimace- 
mouths, lighting up industrial regions by night with the glare 
of an inferno, wxre captured—first in Wiirttemberg in 1831 and 
employed to preheat the blast. 

The same period saw tw'o important improvements to the pudd¬ 
ling process. One of these met a special difficulty encountered in the 
processing of pig iron made from phosphoric ores, namely, corrosion 
of the sand-bed that formed the bottom of the puddling-furnace, 
because the sand and the iron oxide made a slag too add to com¬ 
bine with the phosphorus. A Monmouthshire ironmaster found a 
solution as early as 1816, but he was ridiculed as ‘Air. Iron Bottom* 
for a long time before the advantage of a cast-iron bottom plate was 
acknowledged. Another w’eakness in the existing Cort process was 
the slowness of the hand-stirring of the metal. This was remedied 



Fig. 345. British blast-funuce, tbowii^ 
prehettcr and moulds in which the pig 
iron is cast, r. 1850 
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from 1839 onwards by coating the furnace floor with small pieces 
of slag or ‘bull dog\ which had been removed from it after a pre>'ious 
operation, calcined, and cooled. In this w'ay iron oxide in the ‘bull 
dog* combined with the carbon in the charge to produce carbon 
monoxide under the surface of the molten metal, which in con¬ 
sequence was stirred up and appeared to be boiling. This so-called 
‘wet* puddling processed the iron rapidly in a single stage. 

In the second quarter of the nineteenth century puddlers from 
South \\ ales played an important part in introducing British manu¬ 
facturing methods in France, Belgium, Germany, and Sweden. In 
the last-named countrj', where wood was still cheap and plentiful, 
they helped to make charcoal pbte, and introduced a special type of 
refining-hearth, known as the Swedish Lancashire hearth, though it 
actually originated at Pontypool and not in the north of England. 
It spread into Germany, and was eventually reintroduced into 
Britain under that misleading name. 

THE COMING OF CHEAP STEEL 

As we are now approaching the period at which the age of iron, 
w'hich had been so long in growth and had come to so great a cul¬ 
mination, gave place to the age of cheap steel, which stretched far 
into the tw'cntieth centuiy', it will be convenient to return to the 
begmmng of the industrial revolution. The part which steel then 
played was remarkably small: this fact is the more surprising because 
the influence of carbon-content on the hardness of steel was realized 
by the Swedish metallurgist, T. O. Bergmann, as early as 1750. In 
the case of steel, British eighteenth-century inventiveness did not pro¬ 
duce any cheap or large-scale manufacture to sweep the Continent. 

In the early part of the centuiy', steel was still produced in Britain 
by the cementation process from Swedish bar iron of superior 
qualit)’, imported chiefly through Newcastle upon Tjme and amount¬ 
ing by 1737 to about i ,000 tons a year. The primary product, known as 
blister steel, was obtained by covering the bar iron with fragments 
of charcoal and subjecting it to intense and prolonged heat from a 
charcoal fire. This blister steel was then converted into the tough 
shear steel required for cutlery by further heat treatment and forg¬ 
ing. Even so, it did not reach the absolutely uniform quality w’hich 
was increasingly needed for clock-making and instrument-making— 
the crafts which Benjamin Huntsman of Doncaster practised. He 
succeeded in making a purer steel—at first from the existing blister 
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and shear steel, later from Swedish bar iron of his own refining— 
by subjecting it to a more intense heat. For this he used a melting- 
chamber lined with fire-brick, placed on top of a coke furnace. In¬ 
side the melting-chamber there were crucibles 9-11 inches in height, 
made of a special heat-resisting clay, the production of which gave 
Huntsman great trouble* Five hours^ intense heating, with the ad¬ 
dition to the steel of a secret flux, produced a cast steel completely 
free from particles of silica or slag* The cost of production was less 
than by the older methods; the only difficulty was that the product 
could not be welded, since it could not stand being heated to more 
than about goo® C. 

Huntsman had moved about 1744 to Sheffield, where he developed 
his invention (p* 145), but the cutleiy'-makers at first considered his 
cast steel too hard, though the French metallurgist, Gabriel Jars, w ho 
visited the works in 1765, found that it was already being used for 
edged tools and for clock-makers* rCQuiremenis, A factor which 
helped to bring it to the fore was the competition on the home mar¬ 
ket of cutlery made in France from imported supplies of Huntsman’s 
steel. By 1787 at least half a dozen Sheffield firms were employing 
his crucible process, the secret of which is said to have been first 
penetrated by a ri\'al disguised as a beggar* With the export ttade 
reaching acfOiSS Europe as far as St Petersburg, it is not surprising 
that a Swiss industrialist, J. C Fischer of Schaffhausen, was able 
to reinvent Huntsman*s method. Fischer, who also invented copper- 
steel and nickel-stcel alloys, eventually had steelworks in both Austria 
and France* 

Nevertheless, by comparison with wTought or cast iron, the mat¬ 
ing of cast steel was still a laborious and costly small-scale process, 
in which no notable improvement was made during the first half of 
the nineteenth ocnturyi in 1S50 the entire British output w'as only 
about 60,000 tons* Moreover, even this expensive material w^as still 
not completely faultless* Krupps won their fame as specialists in the 
making of cast steel, yet their first gun, a 3-poundcr with a cast-^teel 
lining, burst under testing at Berlin in 1849, and Fmssiaii artillcr)' 
experts had great doubts about the feasibility of constructing hea^y 
ordnance from steel. Yet at that veiy^ moment the problem was being 
solved for them in far-off Kentucky. 

Although William Kelly enjoyed no commercial success, his name 
deserves to be better remembered than it is, for his career illustrates 
two marked features of the second half of the nineteenth century' 


COAL AND THE METALS 


16 


48a 

the rise of American inventors and the growth of the American steel 
industry. Kelly manufactured sugar-kettles for farmers from pig 
iron re^ed in a charcoal furnace, but the cost of charcoal was rising 
fast even in Kentucky. He made the chance observation that an air 
blast playing on the molten pig iron generated the most heat when the 
iron was not covered with charcoal, and so learned empirically that 
the carbon in the pig iron could be blown out by air alone, the carbon 
itself acting as a fuel. If a higher proportion of carbon was retained 
in the metal than was needed for wTought iron, this same ‘air-boil¬ 
ing* process could be used to make steel. Steel-making without fuel 
was thought by other ironmasters to be an absurdity, but from 1851 
onwards Kelly built a series of converters, and his American patent 
of June 1857 officially recognized him as the first inventor of the new 
steel. But he went bankrupt in the same year, and his claims were 
eventually made over to Bessemer, from whom this type of steel 
still takes its name. 

Bcsscmcr*s object was the same, as is shown by the title of the 
paper that he read on 13 August 1856 to the British Association for 
the Advancement of SciencC“‘On the .Manufacture of Malleable 
Iron and Steel without Fuel*. That high hopes were already enter¬ 
tained of his work is clear from the faa that it was fully reported 
next day in The Times and had reached The Illustrated London News 
before the end of the month. Unlike Kelly, Bessemer aimed at 
keeping the metal completely liquid by using a very high temperature. 
His first experiments, in 1855, been conducted with a fixed 
vertical converter, but in i860 he patented the tilting converter that 
has been used ever since (Fig. 246). This was designed to avoid loss 
of heat by placing the conical fireclay tuyircs at the top, so that 
they were out of action while the molten metal was being run in and 
out of the converter: but during the actual process of conversion it 
was turned to bring them to the bottom, thus enabling the blast to 
be forced upwards right through the molten metal. The method 
worked quickly today 25 tons of iron can be converted into steel in 
as many minutes though some of the iron was carried away with 
the^ blasts a drawback of a different kind wras the intense heat to 
which the workmen were exp>osed in tapping the metal, a point that 
wras raised rather belatedly at a Home Office inquiry near the close of 
the ccntuiy'. Meanw’hile, within ten years of its first invention Bes¬ 
semer steel was being blown in Britain, the United States, and 
three or more countries on the European mainland. 
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But to begin with there were serious teething-troubles. Bessemer’s 
early experiments were conducted with a non-phosphoric pig iron, 
and it was not at first realized that the common phosphoric ores could 
not be employed. A further difficulty was that the excess ox>'gen 
introduced blow-holes in the steel, but R. F. Mushet, the son of an 
ironmaster in the Forest of Dean, discovered that spiegcl, an alloy 
of manganese and iron, could be added to remove the excess of 
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oxygen and to adjust the carbon-content of the steel, provided that 
the carbon-content required was a relatively high one. A notable 
advance yns made, in 1858, by the Swedish steel-maker, G. F. 
Goransson, who had the advantage of the availability of a very 
pure non-phosphoric ore from the Bcrgslagen district of central 
Sweden. He proved the possibility of making all grades of steel by 
stopping the blowing at the instant when any given carbon-content 

had been reached. . 

Meanwhile, from 1856 onwards an alternative process W2S being 
developed, the open-hearth pro<^, which by 1900 was drawing 
level with the Bessemer process in the quantity of steel produced, 
and shortly afterwards surpassed it. This proass derived from an in¬ 
vention not originally intended for steel-making at all, but to improve 
the efficiency of steam-engines by introducing a heat-exchanger. 
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In 1856 Frederick Siemens obuined an English patent for a process 
of heat-regeneration, in which hot waste gases were used to pre¬ 
heat incoming fuel and air. In iron-making the principle was first 
applied in the Cowper stove of 1857, invented by an associate of 
Siemens, in which the waste gases of the blast furnace were used to 
preheat the blast. In 1861 Siemens invented a gas-producer which 
made it possible to use as fuel gas derived from low-^de coal: the 
patent stated the possibility of appl>’ing the invention to melting 
steel in an open-hearth furnace, but its first application w^ in a 
Birmingham glass-works. 

In 1863 Pierre and Emile Martin, in France, used a regenerative 
furnace built by Siemens’s engineers to melt steel bars and scrap. 
More important, they used the method to obtain steel of a given 
carbon-content by melting a suitable mixture of cast iron, made from 
Elba iron-ore, and malleable iron: this is the Siemens-Martin pro¬ 
cess. Shortly afterwards, the Siemens brothers, first at Birmingham 
and then in South Wales, made steel by decarburizing cast iron with 
iron-ore: this is the Siemens process. The open-hearth process has 
three nouble advantages: firstly, it enables a verj' high working 
temperature (about 1650® C) to be attained; secondly, it is economic 
because scrap iron and low'-grade coal can be used; thirdly, it is a 
relatively slow process, so that strict control can be applied. 

The open-hearth process was further developed in the United 
States, where in 1899 Benjamin Talbot of Leeds built at Philadelphia 
the first furnaces for continuous operation, which gave still greater 
fuel economy; the earliest employment of his method in Europe was 
in Lincolnshire in 1902. The size of furnace was also greatly in¬ 
creased and a means of tilting it was introduced. In 1870, out of a 
total British steel production of 220,000 tons all but 5,000 tons was 
made by the converter process; thirtj' years later the total had risen 
to 4,900,000 tons, of which 3,156,000 tons was made by the open- 
hearth process. About two-thirds of the American steel output, which 
totalled 10 million tons in 1900, w’as Bessemer steel, but in that year 
Carnegie declared that the open-hearth process was the method of 
the future. 

The inventions of both Bessemer and Siemens required the use 
of non-phosphoric iron ores. The means of eliminating phosphorus 
was disTOvered in 1875 by a scientific amateur, S. G. Thomas, and 
his cousin, Percy Gilchrist. Thc>' introduced limestone in the firebricks 
(P ‘ 590 ) of the converter and in the charge, with which the phosphorus 
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combined to form basic slag. As the basic slag when pulverized pr<H 
vided a v-aluable fertilizer, it is the more surprising that Thom’s 
invention was not an immediate commercial success. In Britain, 
however, the use of the so-called ‘Bessemer ore of Cum^rland and 
other high-grade ores imported from Sweden and Spain was pre¬ 
ferred until towards the end of the centur>'. But Belgium, France, 
the United States, and Germany all had large quantities of phos¬ 
phoric ores, which this method made available for steel-making, in¬ 
cluding the minette ore of Alsace-Lorraine which had changed hands 
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in 1871 The Gilchrist-Thomas process in effect doubled the poten- 
rial steel producrion of the world; by 1895 basic steel already totalled 

nearly 3 million tons. , « » j 

The av’ailability of cheap steel, which from the 1870 s onwards 
met an expanding world-wide demand for raUs (Fig. 247), was 
closely related to improvements in the production of the pig iron 
from which it was made, as also in the finishing processes and m the 
development of steel allo>'s. Furnaces rising to aii average height of 
75 ft began to be built in north-east England in the 1860 s and 
i 870* s , but it was the Americans who introduced ‘rapid driving by 
increasing the size of the hearth itself. In 1880 one with an ii-ft 
diameter was built for Carnegie at Pi^burgh, which had room for 
eight tuyeres and made 1,200 tons of iron a Mieek. 
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In the finishing processes the chief Improvement was in the tech¬ 
nique of rolling, Reversing-nulls WTre introduced, which passed the 
metal to and fro, so as to obviate the time-consiiming tasic of passing 
the billets back^ three-high mills, in which the third roller passed 
the metal back without reversing the machinery^ and continuous 
mills, with roUer-^^nds arranged in a scries of decreasing size and 
power. Each of these three devices was coining into use in England 
in the jS6o^s, and later underwent important development at the 
hands of Americau engineers. 

Alloy steels were first produced accidentally in the smelting of 
mixed ores, but both chromium and nickel steel were prepared ex¬ 
perimentally by Faraday as early as 1819. Commercial develop¬ 
ment, however, came only with the needs of a nevr age of steel. In 
1868 Mushet began the manufacture of a high-carbon tungsten- 
manganese steel, which required no quenching yet gave tools with 
five or six times the normal length of life; his invention of tungsten 
steel had, however, been anticipated by an Austrian, F, Koller, 
more than ten years earlier. Chromium steel for armour-plate and 
shells began to be developed commercially in France in 1877. Man¬ 
ganese steel, hardened by quenching it in water from a temperature 
of 1,000° C., was discovered by (Sir) Robert Had field of She ffield 
in i8Sz, and nickel steel was marketed from Le Creusot in i 883 * 
Finally, F. W* Taylor in Philadelphia prepared a high-speed steel, 
which became harder the faster it cut 

The total w’orld output of steel grew from 500,000 tons in 1870 
to 28 million tons in the last year of the centuiy\ The lion’s share in 
this tremendous growth feU to the United States, which began the 
period producing about a quarter as much as Britain and ended it 
producing twice as much (p. 4S4)* Almost equally striking was the 
growth of the German steel-making industry, w'hich ended the cen- 
tur)' making S million tons a year—nearer to the American total than 
to the British. 

EXPLOITATION OF NON-FEHEOUS METALS, I750’I900 

The meteoric growth in die use of steel in the last quarter of 
the nineteenth century, with its enormous social consequences, is 
paralleled to some extent by the growth in the world produedou of 
non-ferrous metals. For example, the output of the six principal base 
metals increased in that period from 268,000 to 1,955,000 metric 
tons. But between 175^^ snd 1850 their growth had been slow, and 
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there are comparatively few technological changes to be recorded* 
The bulk of the ttiming activity contmued to be in the traditional 
areas of Britain, Sweden, Bohemia, and SpaiHi so prospecting 
did not play a very important part* Conversely, the availability 
of steam-pumps of increasing efficiency often made it possible to 
reopen workings that had been drowned, as in the case of the Cornish 
copper-mines; by 1798 fort>-five of Boulton & Wattes engines were 
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in use in Cornwall, though the old rag-andHchaiti pump turned by 
hand had not even then wholly disappeared. 

The general method of mining for metals was much the same as for 
coal, with the same dividing-up of a given area into rectangular 
blocks; but as the veins generally run vertically rather than hori¬ 
zontally, the usual method of extraction was to work downwards or 
upwards in a series of steps (Fig. 248). In comparison with a coal¬ 
mine the distance from face to shaft was usually short, and poisonous 
and explosive gases were extremely rare. Miners in the Harz prac¬ 
tised the ancient custom of ica™g fires burning over the week-end 
preparatory to shattering the rock-face by pouring water on it when 
the week's work began again (Fig* 249)* 

The extraction of metals from their ores, too, contmued to be con¬ 
ducted largely by traditional means. Gold was still simply washed 
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from the sand or gravei contaJnmg it^ and silver was parted from 
copper and lead after smelting. In 1833, howeverj Hh L* Pattinson 
of Newcastle upon Tyne patented a new process for extracting silver 
from lead by skimming the crystals of pure lead from the surface of 
a succession of cast-iron pots of molten argentiferous lead^ which was 
stirred as it cooled, until one pot finally prov ided a metal containing 
300 oz. of silver to the ton. This gave a much greater recovciy^ of 
silver. Copperj lead^ zinc, tin, and mercury were all produced by 
smelting the ores with charcoal or coal, and there were various 

adaptations of blast and rever^ 
beratory furnaces, as in the case 
of iron. Copper may be taken as 
an example, since Britain at this 
time played an important part 
both in its mining—in the 1780’s 
Anglesey had at Parv's mountain 
the largest copper-mine in the 
world — and in its smelting, w^hich 
centred on South Wales and 
Lancashire, while the British 
Navy was among its principal users, the first copper pennies, struck 
in 1797* weighed a full ounce. 

There were six major oj^rations. The ore was first roasted for 
12-24 hours, and cooled with water. It was then melted with slag 
from a later stage, granulated In a water-tank, calcined at a gradually 
rising temperature, melted again with further quantities of slag, and 
run out of the furnace to form pigs (Fig. 250). The heating of these 
pigs with free access of air m a melting-furnace produced ’blister’ 
copper* But to obtain ^tough pitch’ copper suitable for manufacture, 
the blister copper had to be melted again, so as to remove slag that 
had escaped previous removal, aud the final product was toughened 
by throwing charcoal or anthracite on to it, the reducing action being 
enhanced by stirring the molten metal with a green-wood pole. 

Copper was used in many forms* There was, for instance, Sheflicld 
plate, which Thomas Bolsover, the Sheffield cutler, first developed 
about 17^ for making buttons. This was manufactured by fusing 
or soldenng thin sheets of silver on to each side of a thick sheet of 
copper, and then rolling the combination Into a thin sheet. Since it 
gave a similar appearance for a lower pnee than pure silver, its use 
spread rapidly to such items as tea- and coffcc-senices and candle- 
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sticks^ especially when Matthew Boulton and others introduced a 
technique for soldering-on silver thrsd to cover the copper exposed 
at the edges. A Birmingham invention was Muntzes metal (three 
parts of copper to two of zirLc)j which after 1832 replaced copper 
sheathing for the bottoms of ships in the merchant navj^ Most kinds 
of brass, however, contained a higher proportion of copper, since it 
was prized for its handsome colour, resembling gold. Here, too, 



Fio. 150. Mjiing copper pi|*» Lmcashirc, tunMeenth centurj 

Birmingham took the lead, and by 179 S “sing a thousand ton 5 
a year. Gilt objects such as buttons were produced from what was 
called calamine brass, which was not a direct alloy of copj^r and 
zinc, but w as obtained b}' heating copper together with calamine and 
charcoal. There was also much use of adds, dragon*s blood (a kind 
of resin), and lacquer to vary or disguise the surface appearance of 
the many imitative wares for which Birmingham was becoming 
famous. 

Chemical research w^ revealing the existence of new metals, 
but manufacturers on the w^hole were not v'ery' interested in 
developing their use, especially as extraction and working were 
often difficult: as late as 182S S. R Gray in The Operaike Chemist 
contemptuously dismissed a number of them as mere hypothetical 
assumptions, adding his own opinion that nothing but the rage of 
the day for the invention of new metak could have prompted their 
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insertion in the U^< The platiiium meuls as well as cobalt and 
nickel, however, were effectively studied in the eighteenth century 
and became available commercially. 

The platinum in the South American mines had been ignored for 
generations as unusable, until the Spanish navigator, Antonio 
d'UUoa, who accompanied a French expedition to Peru, described 
it in Europe in 1736. Chemists devised a process based on solution 
In aqua regia for separating the platinum from the metals occurring 
with it and from other impurities j a black powder resulted, which 
could \sith difficulty be pressed and beaten into sheets and forged. 
From 1824 onwards an ore was obtained from the west side of 
the Urals, which provided the basis for manufacture at St Peters¬ 
burg. Other sources were found in Europe and as far afield as 
Borneo, to add to the original supplies from America. Although the 
name is a diminutive of the Spanish word for silver, pbtinum was 
not at first used for icweUcTy^, but its exceptional resistance to cor¬ 
rosion made it valuable for some types of laboratory equipment, 
such as crucibles, and especially for sulphuric-acid rectifiers used in 
indusuy: with the making of large industrial vessels of malleable 
platinum the name of \V. H, Wollaston is particularly associated. 

G)balt was obtained in 1733 by the Swedish chemist Georg 
Brandt—from the mineral cobalt (the oxide of the metal) which had 
long been employed to mate blue glass—and was used mainly for 
reconversion to its oxide in purer form, which w^as likewise required 
chiefly for gbss^moJdng* Nickel w^as obtained by another Swedish 
chemist, Axel Gronstedt, from Kupfemtckel or false copper, an ore 
found in Germany and Norway^ It was roasted to remove arsenic, 
dissoked in acid, and further treated to remove impurities. Nickel 
itself was used mainly in alloys, especially German silver, the name 
given to a vaticty of alloys in which from 15 to 34 per cent, of nickel 
was combined with copper and a smaller proportion of zinc; the 
more nickel, the better the ware. From 1840 onwards German silver 
was regarded as a particularly suitable material for the new process 
of electroplating with silver and other metals (p. 499), the popu¬ 
larity of which helped to end the vogue of Sheffield plate. 

In the second half of the nineteenth century the exploitation of 
metals w as greatly accelerated in consequence of the huge industrial 
and cornmercial demand to be satisfied^ Accordingly, there was a 
world-wide search for ores, intensified at intervals by the great profits 
that fcsuked from luck)' discoveries. At the same time, the skills of 
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the chemist and the engineer enormously improved the extraction 
and the Tvorking of metals — electrical methods, for example, became 
important by the end of the oentury. 

The great new discoveries of mineral deposits, which affected the 
economic life of the whole w^orld in this i>eriod, seem to have been 
due more to chance than to any new^ techniques suggested by geo-- 
logical theory. This is true not only of the great gold-mines in CaJi- 
fomia and Australia, and the diamonds underlying Kimberley in 
South Africa, but even of such self-evident treasures as the lead- 
zinc deposits of Broken Hill in New South Wales, which form a 
conspicuous black ridge rising from a plain long frequented by sheep 
graziers. 

Systematic prospecting received, however, a great impetus from 
the provision of new equipment Soft rock was penetrated by rotating 
augers, harder rock by dropping chisels. The derrick was d eveloped 
from its use as a ship^s crane to facilitate the withdraw al of a complete 
line of boring tools without disjointing. ^Vhe^e samples were needed of 
strata passed through, a series of mechanically driven drill-tubes was 
employed, to which a more powerful and lasting *bite' was given by 
the use of industrkl diamonds; these, as they ground their way dowm, 
cut out a cylinder of rock w^hich was held in the tube and could be 
brought up for examination. There W'cre corresponding advances in 
methods of boring underground. Shot-holes in which to lay im¬ 
proved explosive charges began to be made by a rock-boring machine, 
which was brought into use when the Mont Cenis railway tunnel 
(p. 459) was being built in the 1860's. More effective pneumatic 
machines were devised later, which could be operated more than a 
mile away from the compressor. But while the best practice in the 
most adviced mining areas steadily improved, it would be un¬ 
realistic to suppose that the spread of mimng into all parts of the 
world, so characteristic of this period, did not mean a continued 
dependence upon individual muscle and resource. The descent to 
an Australian mine, for instance, might still io the 1870*5 be achieved 
by the application of the counterbalance principle to the old- 
fashioned windlass, enabling one man to work alone. 

One new' problem created by the world's increasing demand 
for metals was how to concentrate primary ore deposits of low 
metai-content, which had increasingly to be used as rich secondary 
deposits near the surface became exhausted. There were several im¬ 
provements made in the old process of wrishing—already highly 
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developed in eighteenth-century Sweden (Fig. 25i)--or panning the 
ore. One of these was a shaldng-table, which made it easier to keep 
the ‘dirt* suspended in the >^-ater while relatively hea>^ particles of 
ore sank to the bottom; by graduating the depth of a series of grooves, 
over which the water passed in succession, it ^-as possible also to grade 
the residue according to fineness. An entirely new method, developed 
in the late nineteenth centur}', was the use of a powerful electro¬ 
magnet, which easily separated ferrous from non-ferrous materials 

in the finely crushed ore; later 
it was adapted to separate 
minerals distinguished by only 
a slight difference of magnetic 
properties. Lastly, there was a 
process known as flotation, 
which was first applied to low'- 
grade sulphide ores in i860: 
the ore was mixed with water 
and a viscous oil, whereupon 
sulphide particles were absorbed 
by the oil and much of the im¬ 
purity could be washed away 
with water. But this method 
used much oil, and it was not 
until 1901, at Broken Hill, that the modem method w'as developed, 
which uses less oil, agitates the mixture by air, and employs air- 
bubbles to carry up the ore particles. 

Changes in the technology of extraction may be exemplified by 
copper, which was second only to iron in its importance, and was the 
first metal to be refined electrolytically on an industrial scale; more¬ 
over, copper smelting is an early example of an industry in which 
Britain came to lose a once well-established lead. At the beginning 
of the nineteenth century three-quarters of the world*s copper was 
smelted in South Wales. At mid-century Swansea was still the effective 
centre of the world copper industry; and yet, of the 600 furnaces at 
work there in 1860, the last was extinguished by 1921. The basic cause 
of this great change w’as not the superiority of foreign technology, 
but the fact that, when new sources of supply were developed 
in Spain, Chile, and North America, there were unanswerable 
advantages in the ability to mine, smelt, and refine on a single 
site and on a scale commensurate with the vast new bodies of 



Fig. 351 . Concentration of copper ore by 
trashing, from Swedenborg, Regtntm suh- 
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ore. In the last two decades of the century Arizona and Montana 
between them produced nearly half of the world’s copper, and 
they provided the natural base for the main advances in technology. 
South Wales accordingly became more concerned with the manu¬ 
facture of by-products. For generations the surroundings of Swansea 
had been polluted by the so-called ‘copper smoke* containing sul¬ 
phur dioxide, but in 1865 a new type of furnace began to be in¬ 
stalled, so that sulphuric add was obtained as a valuable by-product; 
from these beginnings an extensive industry v>2S built up in heavy 
chemicals. Swansea also began to turn to the smelting of nickel and 
zinc ores, and to new methods for the extraction of predous met^. 

One ingenious change in copper extraction was the introduction 
of the multi-hearth roasting furnace. The ore started at the top and 
was raked by rotating arms alternately to the centre and the dr- 
cumference of successive hearths, so that it fell from one to the next; 
a single operation reduced the siilphur content as much as sev'cral 
days of slow roasting by the old method. Further elimination of 
sulphur and iron was required to convert this product, known as 
matte, into the blister copper, which was 98*5 per cent. pure. This 
was achieved from 1880 onwards with the side-blown converter, a 
direct imitation of the Bessemer converter. But although ^s product, 
when turned into ‘tough pitch* metal (p. 4^8), was satisfactory for 
all older uses, up to and including fire-boxes of locomotives, it >vas 
not pure enough to act as a satisfactory electric conductor: the trans¬ 
atlantic cable of 1858, for instance, was imde of copper that had 
only half the maximum possible conductivity. 

In this case the new electrical industry itself produced the solu¬ 
tion, for J. B. Elkington’s patent of 1865 v\'as for refining plates of 
blister copper by suspending them as electrodes in troughs coiitain- 
ing saturated copper sulphate solution, which formed cells in an 
electrical circuit: pure copper was deposited on the other electrode. 
This electrolytic refining not only produced a copper which w’as a 
satisfactory electric conductor, but sludge from the cells yielded silv er, 
gold, and other metals as v'aluablc by-products. The first of the 
electrolytic refineries i^'as built near Swansea, but the process spread 
to America in 1892; their location was in general determined by the 
avaibbility of cheap electricity. At the end of the century Elkington’s 
methods renuined basically unchanged, except that it became the 
practice to use not blister copper, but ‘tough pitch metal for the 
electrodes. 
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The development of the world's supply of nickel went through 
two phases. In the first of these, nickel became readily available and 
cheap, as large deposits w'cre djscovered, first in New Caledonia in 
1865, and then at Sudbury, Ontario, during the constroedon of the 
Canadian Pacific Railw ay in 1883. To separate it was difficult and the 
demand was small, until James Riley in 1889 showed the value of 
nickel in alloy steels (p. 486)* Two new extraction processes were 
then developed. The ‘tops and bottoms’ process involved the ad¬ 
dition of salt-cake (p, 533) and coke to a molten mixture of nickel 
and copper, which w^as poured into large pots, where the copper 
sulphide separated into a layer that floated on top of the relatively 
denser nickel sulphide' the melt was allow^cd to solidify and the tw'o 
parts were then separated by breaking with a sledge-hammer* The 
treatment was repeated, and thescHcalled ^second bottom’ contained 
72 per cent, nickel. After further processing, the final purificatiDn 
was effected ekctrolytically. The other process, invented in the 1890’s 
by the fertile brain of Ludwig Mond, was based on his chance diSr- 
covery that carbon monoxide reacts w'ith hot nickel to form a gaseous 
nickel carbonyl, which can be decomposed at a still higher tempera¬ 
ture to form pnre nickeh This metht^ was used after removing the 
bulk of the copper by the ’tops and bottoms' process; it produced 99- 95 
per cent, pure nickel, and was established at the turn of the century. 

In 1887 it was discovered that a very dilute solution of potassium 
or sodium cy'anide could be used for gold extraction by the Forrest- 
MacArthur process, which could be economically applied to low- 
gmde material such as quartzite rocks in w'hich gold was very thinly 
dispersed. The process was economic when the quantity of gold w^as 
as small as a quarter of an ounce to a ton, and it was after this dis¬ 
covery that West .Africa and the Rand b^me the main sources of 
supply; cleGtroijtic methods were introduced for final purification* 
This was of great importance in a period when currency, credit, and 
the development of large markets for plate all depended upon the 
availability of gold* 

Finally, one new metal was both recognized for the first time— 
although its existence had been suspected since shortly after 1700— 
and produced commercially within the space of half a century. This 
W'as aluimnium, of which F. Wohler obtained minute globules in 
1845. It was more closely studied a little later by the French chemist, 
H* E* Sainte-Qaire Deville, under the patronage of the emperor 
Naj>oleon III, who commissioned aluminium spoons for state ban- 
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qucts and a rattle for the Prince Imperial. There were two stages in 
DcA'illc’'s process. In the first, baiixite^ an ore containing 5*^5 
cent, alumina (aiitminium oxide)^ was digested with causdc soda; 
the alumina so purified was heated in a stream of chlorine to pro¬ 
duce aluminium chloride* In the second stage hydrc^cn was passed 
over the aluminium chloride and the vapour led over boats con¬ 
taining liquid sodium, which reduced the chloride to metallic 
aluminium. The sodium, which was his most expensive raw material, 
at this time cost at least 51. an ounce, and during thirty-three years 
of manufacture the price of Deville^s aluminium never feU below 
5or. a pound: its use w^ therefore restricted to luxury articles. This 
remained the position, for although Deville later devised a poten¬ 
tially better process, based on malting sodium cheaply by reducing 
caustic soda at a high temperature with charcoal, he wTts defeated 
by technical obstacles. The first to work this process satisfactorily 
W’as an American chemist, R Y* Qistner. Failing to interest American 
industrialists, he came to Engbnd, where he established the manu¬ 
facture of sodium for aluminium extraction at Oldbury in He 
planned to make 100,000 lb of aluminium a year, using sodium 
produced at 9^^. a lb, and had just overcome initial difficulties when 
the way to success was unexpectedly barred by the development 
of a much cheaper electrolytic process. 

In 18S6 C. M. Hall in America and P* L. T. H^roult in France 
independently invented the modern method of aluminium manu¬ 
facture by electrolysis of alumina dissolved in molten cryolite 
(another duniiniumHx>ntaining mineral, mined in Greenland but 
later made synthetically). To make a ton of aluminium in this way 
requires about 18,000-20,000 kW-hrs. of electricity: as with all other 
large-scale electrolytic processes, the cost of electricity was an im¬ 
portant factor* The first plant used electric power derived from the 
SchalThausen falls on the Rhine, and although France, America, and 
Britain took the process up in succession, the Sw iss were for many 
years the main producers. Commercial production was much helped 
by the fact that soon after the discovery of the electrol^-tic process 
the preliminary process of purifying the bauxite ore with soda w*as 
greatly impro'ved by K* J. Bayer. 

NEW METAL PRODUCTS 

Although the late nineteenth century introduced the Age of 
Steel—in 1900 the w orld output of mild steel was 28 million tons as 
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compared with 500,000 tons of copper—the working of other metals 
and of alloys remained so important as to justify a brief survey of the 
products of the metal-working industries as a whole; the histor)' of 
armaments since 1750 will, howe\'er, be considered separately. 

The greatly increased sc^e of wor^ng led to bigger ingots, which 
in the case of mild steel made by the open-hearth process might 
reach a weight of 5 tons; copper w'as normally cast in 2-ton ingots. 
Special steels, brasses, nickel silver, and other allo}'S, on the other 
hand, w ere still melted in crucibles containing not more than 200 lb 
of metal and were then hand-poured into moulds. Further treatment 
was by forging, rolling, pressing and drawing, welding, and pbting. 

The use of the forge hammer, which was made much easier by 
the introduction of Nasm>th*s invention of the steam-hammer in 
1842 (see Fig. 162), remained essential for shaping wrought iron 
before it was rolled, as long as that metal was in general use. But in 
the later nineteenth century forging, much of it by hand-hammering, 
was required chiefly in the copper industr)' in preparation for the 
final shaping of rolled plates, which by the i870*s might be of 
2 tons weight. The rolling-mill, on the other hand, played the main 
part in the production of the bars, plates, and sections for struc¬ 
tural engineering, the plates for the new iron and steel ships, plates 
for boilers, and the rails for the ever-extending railways. The three- 
high mill has already been described (p. 486). It began to be re¬ 
placed in 1884 by the universal mill, which with its enormous 
power could take a cast-steel ingot unhammered and convert it 
into either a plate or a bar of any required width: this was the final 
answer to the problem of how' to produce heavy na\al armour plate. 
In 1861 a plate 12 in. thick and weighing 20 tons had been made by 
rolling together what had originally been sixteen separate ij-in. 
plates of wrought iron (Fig. 252). By the turn of the century, how- 
e\’er, Krupps could roll a steel ingot w'eighing 130 tons and 3 ft 
thick into a 12-in. pbte measuring 43 ftx lift. 

The production of thin sheet metal was important for the copper 
and brass industries, including, for example, the brass and Muntz’s 
metal worked up in innumerable Indian bazars. The rolling of thin 
sheets, first of iron and later of steel, for the making of tinplate, 
however, was particularly important: for many purposes the un¬ 
coated sheet metal could not be used because of rusting. There was 
an ever-growing demand for cheap containers, especially for pre¬ 
serving food, and imtil the Americans introduced the McKinlej' 
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tariff in 1890 tinplate was virtually a British monopoly. The manu¬ 
facture was located in South Wales and Monmouthshire, and the 
Americans built up their industry with the help of VV^clsh tech¬ 
nologists. The method of forming the sheet metal by rolling, which 
continued unaltered from about 1825 onwards, \»'as to work two bars 
at a time, heated to 790® C They w'ere rolled separately, then as a 
pair, and then twice doubled, so that the final rolling w*as completed 
in ‘eights*, the object being to secure a thickness which, when the 
tin had been added, would not greatly exceed one-hundredth of an 



Fig. 35^. Rolling 20-tDn aimour plate, S hcflk l d, 1861 


inch. The hot rolled sheets w'ere annealed, pickled, and immersed 
in oil before dipping in,the dn-pot. They were dipped twice, 
greased, and then passed through rollers to regulate the thickness of 
the tin, which even in best-quality tinplate formed a coating less 
than one five-thousandth of an inch thick. 

As tinplate rusted quickly out of doors, an important develop¬ 
ment—which began commercially at Wolverhampton in 1838—was 
the manufacture of corrugated ‘galvanized’ iron sheeting, which w’as 
in great demand in the gold-diggings at mid-century and since then 
has roofed the humbler buildings of half mankind. G)rrugation, 
used in the ancient world to stiffen bronze, was first adopted for 
iron roofing, to increase the load carried by a given thickness, by 
R. Walter of Rotherhithe in 1828; eight years bter the French 
chemist M. Sorel introduced the ^vTUiizadon of sheet metal, a 
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Straightforward process of dipping in molten zinc, unconnected with 
the work of Galvani (p. 609)^ 

Gal\Tiiiized wire fences and barbed wire, the last-named an 
American invention, both played an important part from the i8&o*s 
onwards in the opening-tip and parcelling-out of great tracts of 
land, particularly for cattle ranches. Wire had first been required in 
quantity' a generation earlier with the advent of the stranded wire 
rope, which W, A, J> Albert introduced into the mines of Qausthal 
in I S3 4, and of the telegraph. Warrington became the centre of 
a new industry, using the ^Belgian train’ of grooved rolls, which 
worked the mend as it was farced through holes of diminishing 
size and changing section^quare, diamond, oval, and circular in 
succession. By 1862 this had been developed by G. Bedson into 
a continuous roliing-tiam of sixteen stands, alternating between 
the horizontal and vertical position so that the rod need not be 
turned, and working progressively l^tcr sn that the rod as It 
became thinner should not become slack. From 1882 onwards, 
further improvements were adopted in the type of mill erected in 
America to the designs of W. Garrett, enabling 50 tons; of steel rod 
to be converted in nine hours inm a single coii of J-in. diameter wire, 
G>pper w ire, introduced into telegraphy from the i86o^s onwards, 
and used in rapidly increasing quantiries for electrical conduction, 
w'as made according to steel-rolling practice. Ancillary wire-using 
trades, with increasingly complex machinery and growing output, 
were the long-established manufactures of nails, pins, and needles; 
umbrella-making; and the making of the wire netting which sup¬ 
plemented the use of the galvanized wire fence. An outstanding 
example of a new' process vm the ^pateriting\ introduced by J, 
Horsefall in 1854, W'hich produced high-tensile steel wire by a 
continuous process, passing the single strand in succession through 
a hearing furnace, a quenching bath, and a tempering bath of molten 
lead. The applications of its products ranged from steam-ploughing 
to piano-making, and were well advertised by its use in the Brook¬ 
lyn suspension bridge, Mew York (p, 455), the cables of w hich w ere 
each comjioscd of 6,400 separate wires of *ioo-ton* high-tensile 
steel 

Seamless tubes were a product of great importance to mneteentb- 
century engineering. In the case of lead the problem had been 
solved as early as 1790, when John Wilkinson took out a patent for 
casting a lead tube round a steel bar in a mould; in 1S38 this was 
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developed by C. Green for brass and copper tubes. He used a split 
cylindrical mould to form the original tube, which was then drawn 
through a succession of dies of decreasing diameter. This method 
became standard practice in Birmingham, and was used to make 
steam-engine condenser tubes for more than fifty years. The ex¬ 
trusion method also dates back to the late eighteenth century* having 
been suggested, hut not practised, by Bramah in 1797* In iS^o a 
Shrewsbury plumber, T. Burr, devised a simple method by which 
a hydraulic ram forced lead to emerge in pipe form by pressing it 
betw^ecn a circular centre-piece and a surrounding circular die* This 
was much used for the sheathing of electrical cables with lead, but 
it was not until near the end of the century that the means was 
found for applying this technitiue to copper and copper alloys, re¬ 
quiring to be w'orked at a high temperature^ For the making of 
seamless steel tubes a satisfactory process was patented a quarter of 
a century after the German steel manufacturer R. Mannesmann 
first conceived the idea in 1S60. A hot metal rod was drawn forward 
and outwards by rollers so that a cavity w^as formed, which was fur¬ 
ther shaped by a mandrel placed just beyond the rollers. Thomas 
Edison regarded this as the most impressive device on show at the 
World Exhibition held in Chicago in 1893- 

A final example may be taken from British enterprise. In 1840 
G. R. and H. Elldngton introduced the use of elcctr^ept^idon to 
plate base metals such as copper, brass, or German silver with silver 
and gold, and found that there was enormous scope for ^e sale to 
the rising middle classes of a type of luxury goods w'hicb would 
seem more valuable than they were. Hostesses loaded with gold^ 
plated jewellery presided over teanahles and coffee-tables groaning 
with silver-plated pots, jugs, and spoons, and for a quarter of a 
century' Britain enjoyed a virtual monopoly of this type of manu¬ 
facture. By igoo, however, rising tariffs had closed many foreign 
markets, and the manufacture became centred in Germany. 

ARMAMENTS 

Although the growth of modem armament depended upon the 
explosives industry^ (p* 546) for more powerful projectiles, its basis 
was still the metal-working industries. Up to 1815, indeed, the main 
development in the art of war was the greatly increased use of cannon 
on the battlefield: under Frederick the Great and Napoleon they 
ceased to be dispersed among infantry regiments, and became twice 
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OS DumcruU5 in proportion to combatant troops as they had been in 
the smalier armies of the time of Marlborough. From Friediand 
{1S07) onwards^ great artillery' concentrations played as large a part 
in Napoleon^s victories as his ability to dispose of great numbers of 
conscripted troops. 

As their number increased, the average length and weight of the 
field-pieces, cast in iron or bronze, was reduced, as was also the 
variety of calibre, while greater accuraq' of aim was achieved by the 
use of the ballistic pendulum for measuring the velocity of the pro¬ 
jectile; this had been described to the Royal Societj' by its inventor, 
Benjamin Robins, in 174Z. The projectiles themselves w'ere modern¬ 
ized to some extent. For the defence of Gibraltar in 1779-83 the 
British employed a shell which, unlike the older mortar-shells, w as 
short-fused for firing from cannon, and soon afterwards Henry 
Shrapnel, an English artillery' officer, began the dev'clopment of his 
‘spherical case‘, successfully used in the reduction of Surinam in 
1804; this became the most effective of anti-personnel missiles. The 
main factor, how'ever, was the increased mobility of the guns. ‘Horse 
aitillcry\ designed to operate with cavalry'—as other field artillery 
with infantry'—w'as introduced by Frederick in 1759, and spread to 
the British and French armies in the 1790*3, while the French in 
the last years of the old regime had started the use of pair-harnessing 
and standard six-W'heeled limbers, together with Interchangeability 
of wheels and other pans. 

The flint-lock musket and bayonet W'Cre sdll the standard m- 
fimtiy' w'eapons, the former commonly made by local gunsmiths 
with the help of water-mills for grinding and polishing. Pennsyl¬ 
vania alone manufactured 100,000 guns in the emergency of 1774- 
Eli Whitney^s mass production of interchangeable parts two de¬ 
cades later has been referred to elsewhere (p. 356), The rifle, w'hich 
had made a sporadic appearance in earlier times (p. 148}, was used 
with effect by American ‘minute-men* in the War of Independence, 
and as the Baker rifle, with seven grooves w'hich made only a quarter- 
turn in a 30-in. barrel, w'as issued to the newly raised British Ride 
Brigade In 1800. Its defects, howev'er, were a strong tendency to 
foul the barrel and the difficulty of packing the bullet tightly enough 
bccau^of the riding. In America these were largely overcome by im¬ 
provising a wad, which was packed round the bullet and fed out at its 
discharge: but the Baker rifle proved very inaccurate, and Napoleon 
withdrew' from service such rifies as he found in use in France^ 
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Basic changes in small arms followed only after the means, of 
ftring had been revolutionized. In 1809 Alexander Forsyth, a Scot¬ 
tish Presbjierian minister with sporting: proclivitlts, patented a per¬ 
cussion powder, which led in turn TO the invention of a percussion 
cap of steel, then of copper. Within ten years of Forsyth’s invention, 
the flint-lock, which was very susceptible to damp, could be re¬ 
placed by a weather-proof hammer action, the cap resting on the 
crow'n of a nipple which contained the flash-hole. The British War 
Office, however, was so slow' in adopting the improvement that the 
first instalment of an award reached Forsyth on the day of his death 
in t843. Meanw hile, the bullet itself had been redesign^ by Qptain 
J, Norton, as the result of his observation of the use made in South 
India of lotus-pith, with which the natives secured an airtight fit for 
arrows fired from blowpipes^ He accordingly designed a tapered 
cylindrical bullet with a hollow base, which expanded on firing and 
efFccti%'eIy sealed the bore. In French hands the idea was finally 
developed into the Mini^ bullet (1849)1 and at about the same time 
a Paris gunsmith, Houiller, introduced the first expansive copper 
cartridge-case, which prevented the escape of gases at the breech^ 
The w'ay was at last dear for the adoption both of rifling and of 
breech loading. 

A rifle of the Mini^ pattern was used by British troops in the Kaffir 
war in 1852, the year of its adoption by the French army, but was 
replaced by the Lec-Enfield, manufactured on American principles 
(p- 3 S 6 )i breech loading was not accepted in Britain undl after the 
Austro-Pmssian War of 1866, when it was embodied in the new 
Martini-Henry rifles* The Prussians had begun the use of a breech- 
loading rifle, the needle-gun, invented by J. N. DreyTe, in 1841, and 
were completely re-^q nipped by 1858. Its increased rapidity' of fire 
and the advantage of loading in the prone position were important 
factors in their victory over the Austrians, who in jS 66 were still 
using muzzle-loaders. But the firing-pin, which gave the w'eapon its 
name, was liable both to foul and to rust, while Chassepot’s riftcy 
which replaced the Minif in France in 1S66, outranged the needle- 
gun by several hundred yards. The Prussian victory over France in 
1870-1 must therefore be attributed to other factors than the needle- 
gun, though the disciplined volley-firing of the Prussian infantry 
wrought great havoc, especially in stopping cavalry-charges. 

With the Martini-Henry rifle the British army used the first 
metallic cartridge, which had an iron base and walls of thin coiled 
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brass wire. When this ^'as found to jam in action in the Sudan 
in 1882, it was replaced by a case, made by George Kynoch of 
Birmingham, which was already in wide use abroad. This W2S con¬ 
structed of brass, solid drawn by a series of operations which included 
enough cold-working for it to withstand the explosive force of the 
propellent. Other improvements were made by a Swiss army officer, 
Eduard Rubin, especially the substitution of a copper envelope en¬ 
closing a lead core for the older soft lead bullet, which at high velocity 
failed to follow the t\^-ist of the rifling. After much rivalry among 
chemists a satisfactory smokeless powder, Poudre B (p. 548 )» 
invented by P. M. E. Vieille in France; this changed the tactics, and 
even the appearance, of the battlefield, and made the French Lebel 
rifle of 1886 for a time the leading infantry weapon. The magazine 
rifle, like the G)lt revolver (p. 356), was first seen in America, but 
the earliest general issue was of an eight-cartridge tubular t>T)C to 
the German army in 1884. 

The nuchine-gun resembles the torpedo and the electrically fired 
mine in being an invention that was first developed during the 
American Civil War but of which the full implications did not be¬ 
come apparent before the wars of the twentieth century. It began 
with a ten-barrel revolving rifle, gravity-fed and rotated by a hand- 
crank, invented by R. J. Gatling, and still in use by Theodore 
Roosevelt’s rough-riders in Cuba in 1898. The mitrailleuse^ which 
had twenty-five barrels encased in a cylindrical metal tube and fired 
125 roun^ a minute, followed in time to figure as the French 
‘secret weapon* in the war of 1870. But it was Hiram S. Maxim’s 
recoil-operated gun of 1884 which, though heavy and easily over¬ 
heated, developed into the key weapon of trench-warfare. 

VrTien the nineteenth century closed, artillery developments were 
still the main field of the grow ing international rivalry in armaments. 
This was partly because the big gun was a factor common to land 
and sea warfare. From the improvement of the shell by H. J. Paix- 
hans, adopted by the French in 1827, may be dated the necessity 
for warships to be built of iron and armour-plated, though the 
lesson w'as not learnt until a whole squadron of Turkish wooden 
frigates had been demolished by Russian shell-fire at Sinope in 
1853. In 1861 the first all-iron warship, the Warrior (p. 374), had 
plates 4} in. thick; within twenty years the thickness demanded had 
grown to 24 in. On land there was a similar need of fortresses designed 
to withstand shell-fire—though tw'o great defences, of Sebastopol by 
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the Russians and of Plevna by the Turks, showed the high value of 
improvized earthworks planned by resolute commanders—and in 
particular, developments in the production of high explosives during 
the i88o*s led to large-scale use of concrete roofs and armoured 
cupolas. 

The detached forts and enceinte of Antwerp, designed in 1859 to 
hold a garrison of 100,000 men, are a reminder that small powers 
might invest heavily in static defences. But the possession of the 
most effective weapons of offence increasingly involved technical 
and financial resources which were only at the disposal of the great 
powers. Thus the German and Austro-Hungarian armies were dis¬ 
tinguished by their possession of siege-trains of large howitzers. 



FlO. 353 . The American irondad, M^or 

which fired with a steep trajector)'. The British Nav}', too, main¬ 
tained its ascendancy at the cost of two expensive periods of ex¬ 
periment. The first w^ in the i870*s, when big guns began to be 
mounted in a turret, such as was originally designed by Ericsson to 
house the i i-in. guns of the Monitor (Fig. 253) and helped to main¬ 
tain the Federal blockade of the South in 1862. The second was 
in the following decade, when watertight compartments, heavier 
armour plating (p. 496), torpedo nets, and a strong secondary arma¬ 
ment were required for protection against the torpedo-boat. 

In about 1850 wTought iron for a time returned to favour for gun¬ 
making, as in the earliest da)^, and in 1855 G. Armstrong pro¬ 
duced his first pieces at Elswick by a method of shrinking-on succes¬ 
sive layers of metal, so that the outer layers shared in firing-stresses. 
Both rifling and breech loading of artillery had been u^d separately 
in the past; they were successfully combined in Sardinian and Prus¬ 
sian experiments of 1845 and 1846 respectively. At the siege of 
Sebastopol, however, the British artiller>' had to improrize a erode 
form of rifling; and although both improvements were then officially 
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adopted^ disappointment wirh the Hrst breech loaders led to a re¬ 
version TO muzzle-loading for all Bridsh guns during the period 
i86g"SL This is the more remarkable as the war of rSyo showed 
above all the superiority of Prussian breech-loading artiller)', made 
in cast steel by Kjiipps (Fig. 254), to the bronze muzzle-loaders of 
the French. More than tw ent)^ French fortresses were captured in 
six months^ while the encirclement and destruction of the main 



French field army at Sedan was described by a contemporary as 
‘the ideal battle of cannon*. 

Improved propellents called for constant improvements in the 
new alloy steels (p. 4^6) of which both guns and armour-plate were 
increasingly made. But at the end of the century^ the chief problem 
of the arrillemt was to derise a true quick-firing gun, which could 
rival the rapid action of the new^ magazine rifle. The artilleo' that 
Whitworth supplied to the Federal government in the American Gvil 
War w'as classified as quick-firing: but the main problem of how" to 
absorb the remil on firing, so that the gun need not be rchid, still 
awaited solution. The use of the resistance of water to flow through 
an orifice wus suggested by (Sir) William Siemens in 1S67. The 
^t mmplctcly successful quick-firer, however, w-as the famous 
French 75, which also included elaborate devices to hold the 
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carriage perfectly steady during firing. This introduced in 
1898, to fire both shrapnel and high explosive; in igoj! a shield 
was added. 

Tw'o novel uses of metal in warfare remain to be mentioned. The 
modem history^ of na^^al mining begins w ith the first metal con¬ 
tainers filled with explosives, which were laid by the Russians off 
Kronstadt in the Crimean War, The self-propelled torpedo—^as dis¬ 
tinct from the boat-borne spar torpedoes of the American Civil 
War—was the invention of a Scotsman, Robert WTiitehcad, while 
working in Austria in 1864, By 1890 its steel body stored sufficient 
compressed air to propel a 200-lb, charge at 29 knots for nearly half 
a mile. But enough has perhaps been said to show" w"hat degree of 
truth lies behind Lewis Mumford^s generalization, ^Bloodshed kept 
pace with iron production*. 


NEW MATERIALS: COAL-GAS, 
PETROLEUM, AND RUBBER 


HESE three diverse products^ all of which first came into 



I general use in the nineteenth century, although known much 
J* earlier, have at least one property in common: all have hydro¬ 
carbons as principal constituents. Coal^^ is rich in the hydrocarbon 
gas methane, petroleum is a complex mixture of liquid hydrocarbons, 
and rubber is a solid derived chiefly from the hydrocarbon isopnene. 
In 1900, when the automobile industry still in its infanc)', the 
part played by petroleum and rubber was still insignificant as com¬ 
pared with the part it pla}'s today. Gxal-gas, on the other hand, in the 
course of the century had reached its full technological develop¬ 
ment as a source of light and heat and as a source of power for a 
prime mover, the gas-engine (p. 6ot)j by 1900, indeed, gas as an 
illuminant'was fighting a losing battle against dcctriciiy. Its otber 
uses remain, but in retrospect gas appears to us as something 
especially characteristic of nineteenth-century homes and work¬ 
places and ever-^rcading streets ^ we will therefore give it pride 
of place in this chapter, 

ORIGINS OF GAS-LlGHTlNG 


After the Flemish chemist J. B, van Hclmont, at the end of the 
sixteenth century, had investigated the nature of, and had invented 
the name for, a gas (a Flemmg*s pronunciation of chaas\ there vras 
some desultor>^ inyestigarion of the inflammable air issuing &om 
coal measures, which clearly bore some relation to the flame pro¬ 
duced by the ignidon of coal. It is significant that in England there 
were mvesdptions in the neighbourhood of Wigan, of Whitehaven, 
and of Newcastle upon T>Tie. From Wigan came the first com¬ 
munication to the Roj’al Socleij- in 1667^ from Whitehaven, two 
generating later, the piping of fire-damp, a scheme to light the 
town with It, and it is said—the actual lighting of an office in this 
way by a colliery agent, Carlisle Spedding: but it was at New'Castle, 
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about 1760, that the first fully authendcated attempt was made to 
light a rc»m by coal-gas. A kettle was used as a retort, and the gas 
>i^s passed along sections of clay tobaooo-pipe to burners impro- 
^^zed by mating holes in the day. But no practical result followd 
from this or from the de^^dopment of the tar-making oven which, 
unlike the early coking-oven, could have collected gas as well as car. 
A Belgian professor, J, P. ^^intek^s, wrote in 1784 about the pos¬ 
sibility of using coal-gas for ballooning, and was pMthumously 
stated to have lighted his classroom with gas. But this, ifit happened, 
was only one among half a doiten similar experiments, including the 
lighting of the Elector’s castle at Dresden, which took place in 
various countries in the 1780^5 and 1790^3 but led to no ^mmer- 
cial result. For that we must rum to the careers of Lebon and 
F^ijirdock 

Philippe Lebon was an engineer of the Ser\ucc des Fonts ct Chau^ 
sees who from his childhood home was familiar with charroal- 
burning* In 1791 he commenced the study of gas produced by 
heating wood, and concluded that it could be sat^factonly prepar^ 
in an iron retort, cooled, and then used for lighting, heating, or the 
inflation of balloons. He took out a patent in September 17^, only a 
couple of months before Napoleon seized power from the Directory J 
having failed to arouse the interest of the government, he began two 
years later a series of nightly exhibitions at a house in Pans, where 
gas distilled from wood was used both to warm and light me ul¬ 
terior, to service a flame fountain, and to produce other hghting 
effects in the garden. Lebon not only demonstrated the practical 
usefblness of such a gas, but his eager imagination anticipated nearly 
all its later appHcations^the soft light burmng in a glass glo^, and 
the convenience of its dtstrihution through the house by small pipes 
concealed in the plaster. But he got no farther: even before hts un¬ 
timely death in 1S04, at the hands of robbers m the Champs Llysies, 
France was again at war, and the novel murnm^t had somehow 
failed to kindle the imagination of the all-powerful First Qjnsuh 
The French experiments had been important enough to bnng one 
of lames Watt’s sons to Paris to investigate them even in amc of w ar 
and had inspired a Gaman, F. A, Wnzar to tour a numbar of 
countries to stimulate interest in the prinapie of gos-Ughtuigi but 
for the continuous history of the new .llumimnt we must turn 
to England, with its plentiful supply of coal for gas-m^ng and 
wealthy mill-owners to back the new venture. As a class, they 
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were ^cctisroincd to iiuiov^tioii j lamped and caindlcs were costings 
more because the war made it difficult to import whale-oil and 
Russian tallow; and they w^anted a safer iliumi nan r in order to cut 
down fire-insurance premiums* 

William Murdock was a young; Scots mechanic who rose to be 
Boukon & Watt's chief engine-erector in Cornwall. An interest m 
finding improved materials for preserving the bottoms of ships led 
him to work upon the making of tar by distillation of coal^ and in 
1792 he used gas generated from coal to light the rooms of a house in 
Redruth^ Cornwall. Concerned with commercial possibilities^ he ex¬ 
perimented with coal of different qualities, various t}pcs of burners, 
and devices for storing enough gas to mate a portable light* In 1798 
he was called back to the Soho Foundry at Birmingham, where he 
used cast-iron retorts, brought to a red heat, to generate the gas, and 
illumimted the main building of the works ^during many successive 
nights * Gregory Watt s report from France having made the firm 
aw are of the risk that they might be forestalled by the French, Mur¬ 
dock resumed his experiments, with the result ffiat in March 1802 
gas flares were erected at each end of the main Soho building to 
celebrate the Peace of Amiens, and by 1S04 he had brought his 

apparatus to a point at which Boulton & Watt were able to canvass 
for orders* 


The first customers were the owmets of a large Salford cotton- 
mil, who in 1806^7 installed over 900 gas-lights to illuminate the 
ractor)% a length of private road, and a private residence. Some of the 
burner were Argands, adapted from the Swiss oil-lamp of that 
name (p* 516), having an atuiuJar burner, with air introduced at the 
centre, and a surrounding glass cylinder, but the majority were of 
the type knowi^s Cockspurs, consisting of three small holes in the 
end of a pipe. The six cast-iron pots used as retorts were c ft 6 in. 
deep; ach fed «iih about ,5 cwt of coal from an openworit 
metal basket ™scd by a crane (Fig. 255). The hydraulic seal was 
hand-opeta^, and die gas was led na a dry main to an air-cooled 
condcmcT, from which the tar ran into a pii. The bell-shaped holders 
were of sheet iron 10 ft in diameter and 10 ft high; they were sus- 
pended in water to provide the necessary' gastight seal and were sup¬ 
ported at Che centre by a rope pulley and counterweight, so that they 
could move up and down according to the amount of gas in them. As 
gas w^s apparently neither wa.shed nor purified, there must have 
been a very' disagreeable smell when it W'as burnt, but as lighting 
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costs were considerably reduced^ even this first crude appiir^tus 
was deemed a success. 

Murdock made various further improvements, including the in¬ 
direct application of the furnace heat to the retort and the introduc¬ 
tion of a jet of water at the bottom of the condenser, which eventually 
trickled away to the tar-pit with the tar, carrying other impurities 
with it. It is uncertain why Boulton & Watt, having made a fE}'ing 
start in the manufacture of gas apparatus, for which thej^ were 



Fia 255. Murdott’fi gaa-mitinff plmi for Phillips 3 j Lff, 1S06 


doubly well equipped by the size and scope of their workshops and 
by the presence of Murdock on their staff, gave it up at the moment 
of expansion in 1S14 (Fig, 256)* At all events, though Murdock re¬ 
mained activelv' engaged in business for another sixteen years, the 
development of more efficient gas apparatus passed entirely into 
other hands. 

Samuel Clegg was a generation younger than Murdock, and bene¬ 
fited from having had some scientific study under John Dalton at 
Manchester before he wws apprenrioed to Boulton & Watt, w^hom 
he joined in time to work on the gas illuminations for the Peace in 
1802. By 1805, however, he had left the firm and had begun to 
install gas in factories at about the same period as Murdock.. His 
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first important improvement was the purification of the gas by lim¬ 
ing the water through w'hich it passed, and in i8io (at Sionyhnrst 
College, Lancashire) he brought in a separate liming machine. He 
also invented the hydraulic main for some of his clients* cotton- 
mills, and gave gas a great advertisement by installing it in the house 
and premises of Rudolph Acheimatin, the famous London art- 
publisher^ where two cast-iron retorts, holding about i cwt of coal 
apiece, serviced eighty burners, both for lighting and for heating. 
But Qegg*s most important practical serv'ice was in connexion with 
the transition from local to general installadon. 

The idea of dismbuting gas throughout a district from a central 
generating station had first presented itself to the mind of the Ger¬ 
man immigrant, F. A. Winsor (formerly Winder), who from 1806 

* 



Fig. The of tiic Soho worki iUiuniiutinl bj ^is 

the Pouxof June 1814 


onwards was trying to secure a paiLiamcntary charter and sub¬ 
scribers for 3 joint-stock immpany to illuminate London. In 1807 
he was allowed to advertise his project by lighting part of Pall Mall, 
and, in spite of war-time conditions and the hitter opposition of 
Boulton & Watt and other interested parties, by i Si 2 he had se¬ 
cured a charter for The Gas Light & Cote Company. But neither 
Winsor nor the chemist F. C, Acciim, who was brought in to help, 
had the necessary administrative or engineering experience, and the 
company was saved in its early months only by recruiting Samuel 
Qegg. As a result of his efforts, on i April 1814 the parish of St 
Margarefs, Westminstw, was lit by gas j by Ekccmber 1816 London 
had 26 miles of gas-mains. The ^owth of the practice of reducing 
firc-msiirancc premiums for public biiildin:^ and factories fit by gas 
made it certain that the system would spread* 

As shown in Accum's Praetkai Treatke m Cm-U^ht (1815), cast- 
iron retorts of circular section were used, but th^ carbonized the 
coal badly and were soon replaced by elliptical ones* The gas was 
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cooled by passing it through a worm-tube immersed in the water in, 
the holder^ and was then purified w ith lime and washed. The wet- 
liming machine^ however, was imperfect, the company being left 
w ith a noisome liquid, *blue billy', which had to be concentrated 
and then carted away through the streets at night. Street distribu¬ 
tion of the gas itself had not proved particularly difhcglt, as cast-iron 
mains had just been introduced for water. The service pipe to go 
into the houses w'as (and still is) known as * barrel' because it was 
made like cheap gun-barrels from 4-ft lengths of strip bent 
round a mandrel, and welded along the joints to begin with, there 
was even some use of actual gun-barrels left over from the French 
w^ars. 


THE GAS AGE 

By 1S17, when Qegg left The Gas Light & Coke Company owing 
to a financial disagreement, the use of gas was rapidly ceasing to ^ 
a mere experimental novelty. A dry-liming process was patented in 
the same year, and in iSiq Clegg’s son-in-Iaw', John Malam, per¬ 
fected a meter for measuring output. In 1823 there were three rival 
gas companies at w'ork in London north of the Thames, and the 
whale-oil interests were trying in vain to compete by cracking 
animal fats in cast-iron retorts for the manufacture of oil-gas to 
light large buildings, such as churches, theaGcs, clubs, and shops. 
Gas-light was already seen to have many advantages to outweigh 
the expense of installation: bestdes its greater convenience, the 
supply cost only one-third or even one-quarter ^ much as the same 
amoimt O'f light derived from oil. As for technical advance, it may 
be noted that Qegg's imnrtcdiate successor with The Gas Light & 
Coke Company, T, S. Pcckston, who wrote the first modem text¬ 
book on gas, was in a position to lay down principles that prevailed 
until very nearly the end of the riricteenih century. 

Retorts w^erc mounted In benches of three, four, or five, and at a 
later stage in two bonks set back to back. By 1S50 they had come to 
be made of fire-clay with only the mouths of cast iron, and might 
be as much as 18 ft long and openablc at either end; but charging 
and discharging was still arduous hand-work as late as the 1S70 s, 
c^en in a big London gas-works (Fig. 257). Lime was replaced by- 
oxide of iron for purification only towards the end of the century. 
In the late iSjo^s extraction pumps were introduced, to remove gas 
from the retorts and make the washing and scrubbing more efficient: 
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this reduced nubance oF ammonk corroding the fittings and 
poisoning the air. There were no meters for consumers until the 
second half of the century, so that gas was often charged for by the 
number of burners in use. The two standard tj'pes were the long 
narrow slit known as the batswing, and the hshtail burner, in which 
hso jets of gas impinged' this was invented by J. B. Ncilson,, who 

was foreman of the Glasgow 
gas-works, about ten years be¬ 
fore he patented the hot blast 
(p. 47H). The Argand burner, on 
the other hand, even in an im^ 
proved form made standard by 
the British Government in 1 869, 
was disliked by the public as be¬ 
ing expensive, fragile, and smoky. 
But the opinion of the consumer 
is best indicated by the preva¬ 
lence of special ventilating pipes 
called perdifumes, placed over 
the gas burners; the truth being 
that neither the quality of the 
gas itself, nor the precision with 
which the fittings were made, nor 
the technical skill with which 
they were installed, was adequate 
to protect the consumer against 
serious discomfort in small 
rooms. Thus in 1833 it was sug¬ 
gested in the Maga¬ 

zine that the best way to light a room by gas was to place the burner 
outside the window, and ten years later Michael Faraday was being 
consulted by the pundits of the x^thenaeum as to how to mitigate 
what they called the stupefying effects of gas in the comparatively 
spacious rooms of their Pall Mall club-house. Great importance 
therefore attached to the introduction of the atmospheric burner, 
bringing air into the gas stream immediately below the burning- 
point, and giving much more complete combustion: this w^as first 
devised about 1840, but Bunsen^s famous version of it—a source of 
heat rather than light—not until a new laboratory was being pre¬ 
pared for him at Heidelberg in 1855, Another chi'rty years were to 
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pass before the ydlow gas flare which heated the air, blackened the 
ceilings, and gave only a moderate degree of illumination for a great 
expenditure of gas at last gave place to the far more efficient incan¬ 
descent gas-mande, impregnated viHth oxide of thorium, together 
with a litdc oxide of oednm, invented by the Austrian, C A. von 
Welsbach, for an industry to which electricity' was by then providing 
a serious rival. 

The gas-mantle staved off the doom of gas as an iUuminant until 
beyond the end of the century of which it had helped to shape the 
social history. In its early years, Andrew Ure liad claimed that gas¬ 
light adequately replaced sunlight, so that there was no moral 
obliquity in forcing children to work a tw'clvohour day in the 
factories. A sounder humanitarian instinct was that which emphasized 
the civilizing Influence of gas-lit streets, especially when they be¬ 
came usual in the poorer quarters of large towns. Gas 4 ight improved 
the amenities of every place of public entertainment or instruction, 
just as it brightened decorous domesticities of the Victorian 
home. Above all, it played an enormous though incalculable part in 
the development of the habit of reading among a population that 
became increasingly literate after the Elementary Education Act of 
1870. 

All this, of course, did not apply to Britain alone, but the cornbina- 
tion of cheap coal and rapid urbanization caused gas-lighting to 
spread more rcadUy in the island than elsewhere 1 as early as iSa^, 
fifty-two English towiis were lit by gas, and in 1S59 there were nearly 
a thousand gas-works. There is somedilng ironical in the fact that 
Boulton & Watt were caused to press on with their early experiments 
by Gregory Wattes report that the French were far ahead, for after 
Lebon’s untimely death France lagged behind. Gas-lighting in Phris 
began with the Palais Royal in ^ 819, and a quarter of a century later 
the city had no more than 65,000 burners indoors and out. The 
successful illumination of a museum caused Baltimore to adopt gas¬ 
lighting for streets iu 1816, followed by Boston and New York and— 
in 1837—by Philadelphia, but it did not figure commonly in 
American homes until after the Civil War. By that time gas as 
an illuminant had spread in some measure to all the principal 
towns of Europe—to Berlin, through an English company, in 1826, 
and in 1866 as far afield as Moscow. Gas-rnaking applian^ 
and pipes for Europe and America became an important British 

trade. 
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As for Other uses of gas, Lebon*s ideas inspired a. Moravian, 
Z* A. Winzler, who in December 1802 gave at dinner parties food 
cooked on a gas-stove In a gas-heated dining room. But in the 

middle of the centurj' gas-cook¬ 
ing (Fig, 25 S) was still something 
of a rarity, though practised, for 
instance, by the famous chef, 
Alexis Soyer, at the Reform Qub 
in London. The gas-ring and 
the geyser, serving more modest 
needs, were both introduced in 
the i86o^s, while in the 
gas-cooldng came rapidly into 
populanty, the cooker assuming 
a design which hardly varied for 
the next fifty years. The gas-fire, 
however, which Wlnzler had also 
in a sense anticipated, was not 
developed with the use of radi¬ 
ants until iSSo, and did not enjoy 
any great vogue until the end of 
the century. By that time the gas 
industry, seriously challenged 
FiQ. ss8, -ksignfid to <^5 we have seen) in the field of 

for a hucvdwd people, 1850. illumination, was bent on de¬ 
veloping with increasing effici¬ 
ency ^ those domestic and industrial heating functions which have 
been its mainstay smce« 


EARLY EXPLOITATION OF BITUMINOUS DEPOSITS 

The use of petroleum products long antedates the use of ooal-gas. 
Betw'een the Nile and the Indus there are at least thirty places vit’'herc 
petroleum deposits appear on the surface, the concentrations being 
most numerous in the Mesopotamian region. For the As^Tians of 
the ninth century B.C, escaping gases marked ‘the place where the 
voice of the gods issueth fi'om the rocks’; the inflammable oil, mys¬ 
terious and useless in the eyes of the ancients, was given the name of 
naphtha by the Babylonians as ‘the thing that blades’; and only the 
solid rock asphalt and the thicker seepages w'erc deemed useful—■ 
for the preparation of bitumen. In the last three millennia B.C, 
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mixtures containing bitumen were employed extensively for caulking 
stiips^ for waterproofing floors and even processional roadways, in 
a hard mortar for brickwork, and in medicaments. It was an impor¬ 
tant object of commerce in Mesopotamia j and known as such to both 
Strabo and Tacitus, but although the Mesopotamian production 
has a continuous history down to the present century, it was not of 
interest to the classical Roman world, which got what bitumen it 
needed in the form of wood tar or pitch, made cheaply available ^ 
a by-product of charooal-buming* Naphtha had a limited, but mili¬ 
tarily extremely Important, use as an ingredient of 'Greek fire’ 
(p. 26d). Accordingly, the seepages in western Europe attracted 
little attention except for medicinal 
purposes, but in the fifteenth and 
sixteenth centuries at least there 
w^as a w^ell-advertised trade in 
petroleum on that account (Fig- 

Although the burning gases and 
seepages of Baku had been de¬ 
scribed by Marco Polo, greater interest was aroused by sixteenth- 
century reports from the New World—of the seepages at I^^'ana 
which could be used to cmlk ships, of the bitumen with which the 
Aztecs made a chewing-gum, and of the asphalt lake in Truiidad, 
3 miles in circumference, which Sir Walter !^leigh visited when he 
raided the island in 1595* Agricola’s De Re MetdHiea described the 
skimming of oil from seepages, the use of heat to thicken it, and 
the separation of bitumen by the melting of rock asphalt, in 1625 the 
processing was more fully investigated in a small pamphlet published 
at Strasbourg. Careful distillation of the crude oil showed that, in 
addition to its medical uses, the various fractions were suitable for 
axle grease, paints and varnishes, for dressing leather, and as fuel 
for lamps. 

Before the end of the century there was an English patent for 
treating sandstone shale at Pitchford-on-Sev^em in Shropshire, the 
name of which shows that the presence of bituinen there had long 
been recognized. The shale wws ground in horse-driven mills and some 
oil was produced by distillation; the residue was boiled with water 
to extract pitch. The two principal products were a mineral ^tur¬ 
pentine’ sold as medicine, and a pitch which, when thinned with 
some of the turpentine, provided a soft non-cracking material for 
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caulking ships. Similar processes worked at Pont)pool produced a 
black varnish for metalware, which was sold as 'Welsh' lacquer. The 
early eighteenth century, In which both these enterprises do'urished, 
was also important for the invention of an asphalt masde. This was 
the work of a Greek doctor, who in 1712 discovered the rock asphalt 
near Ncuchatel in Switzerland, mixed the powdered rock with hot 
pitch, and used the resulting mastic for floors and steps. The material 
was made tax-free in France In 1720, and further supplies of rock 
asphalt were found there and in several other European countries 
in the course of the century. But its use for pavements and then for 
roads (p. 43,5) did not begin until after 1800, and became important 
only when the French produced a better-qualit)^ masde by the addi- 
don of mineral oil in 1832. 

The modern petroleum industry, how^ever, came from none of 
these sources but from the same demand as that which led to the 
creadon of the gas industry. This was the demand for improved 
lighting, which grew up in the later eighteenth century as a concomi¬ 
tant of the industrial revolution. There was a steady improvement 
in the qualitj' of lamps available^ between 1783 and 1836 there w^ere 
introduced in succession the flat-woven wick and the circular oil- 
humer with cylindrical wick and glass chimney known from its 
inventor's name as the Argand. But the better lamps only emphasized 
the poor illuminating quality of both the vegetable and the animal 
oils in use. Gas-lighting was unquestionably superior, but its virtual 
restriction to large rooms and to urban areas encouraged the attempt 
to lind a satisfactory alternative. 

A material known as ‘coal oil’ was pioneered by James Young, a 
former assistant of Faraday, who in 1848 began to develop for lubri¬ 
cation and other purposes the product of a spring of crude oil that 
welled up temporarily in a Derbyshire coal-mine. Young went on to 
manufacture a paraffin oil by dry' distillation of torbaniie, a brown 
shale, at Bathgate, Lothian, but the supply of this too gave out. In 
1862, however, he turned to a more plentiful raw material and 
became the founder of the Scottish shalen^il industry. But before 
this he had learned, from the demonstrations of an American engaged 
in a rather similar manufacture, that refined naphtha from his works 
made an excellent illumiiumt. In the late 1830's, therefore, Young 
wras selling a 'paraffin illuminating oU’ in Europe and America, while 
his American competitors were making 'coal oil* from an asphalt- 
likc mineral found in New Brunswick, 
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A more important American manufacture, hmvevcr, was kerosene 
(from the Greet for wax), to employ the usual^encan naoie for 
what the United Kingdom knows as parafe. This was developed 
bv Abraham Gesner. a London doctor with geological interest^ 
whose attention may have been directed to the oil industry through 
his friendship with the famous Admiral Cochrane, later tenth Earl of 
Dundonald, whose technological interests which extended from 
naval improvements to the explottatton of rttmdad asphalt, h 
already been mentioned (p. 453). Gesner's patents provided for the 
dre distillation of asphalt rock to obtain a liquid, which ^sputihed 
by treatment with sulphuric acid and Ume and then redistilled. The 
new oil, kerosene, sold readily, together with a cheap lamp includmg 
a flat wick and glass chimney. By 1856 its inventor believed that it 
would completely snpeiscde whale-oil, but three years later the siroa- 
tion was transformed by the drilling of the lust Amencan oil-well. 

The drilling of deep holes in the earth’s surfaa was no new 
phenomenon, though development was impeded by the lack ot 
sufliciently hard drills, lack of mechanical povrer for drilhng and 
the uncertainty nf success. But in .830 the introduction of the 
derrick (p. 401) made it easier both to mampulatc and to store the 
driUing appaiatus, and by about 1850 the steam^ngme had been 
brought in as a source of power. In the early mneteenth century 
exploratory drilling was usually undertaken 

water or salt, and in America between 1840 and j^at least fifi^ 
borings for salt struck petroleum; this led the Ammcan indus^iOT, 
G. H* Bissell, to consider the possibihty of dnllmg in deliberate 
search for oil. But before doing so he sent, m 1854. a sample of oil 
from a Pennsvlvanian seepage for e.xamration by fenfanun Sil - 
man, Jr., who had just succeeded his father, fw half a century th 
immensely acrivc professor of chemistry at kale. Fraction were 
prepared by distillation, and Silliman’s report pointed out that new 
products—quite apart from the iUummaung gas, paraffin wax, lubn- 
Lts, and excellent lamp-oil which were readily obtamed-might be 
formed while the crude oil was being hea^ m the soil. Bisrell 
therefore went ahead, and his contractor, Edwm L. 
drilled M ft through bedrock duly struck oil (27 .August 1859), 
thus bedding the development of the Pennsylvanian otI-fieU 
(Fie 260), .Although the drilling of oil-wells had begun in Hinove 
in April 1857 and in the same year 300 roia w_ere extracted from 
two band-dog wells at Ploesti, Romania, it is the American event, 
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occurrinc: at the moment in that country’s history when Americans 
were ready to give an industrial lead to the world, which has aJrtTiys 

been regarded as the turning-point 
in the history of petroleum. Within 
fifteen years the annual output, still 
closely concentrated in Pennsylvania 
(Fig. 261), had reached 10 million 
360-Ib. barrels. 

THE OIL-WELL INDUSTRY 



FiC. a6o. Tt* Dralcc flrcll, iu ii 
appeared in i 366 


America, w'ith a rapidly expanding 
market for lamp-oil, now" had a regular 
supply of crude oil from W'hich to 
mate the staple product, kerosene. 
At the same time, the Americans 
began to export their product, send¬ 
ing it in tins, packed in wooden cascs^ 
to world-w'ide markets, but chiefly 
Europe, where in the very year of 
Drakes initial success they staged an important demonstration of 
paraffin lamps at the Ghent Flower Exhibitlom Accordingly, wc find 
that Amencan drilling methods became increasingly important. The 
ongma I Pennsylvanian system’, which ow ed much to ancient Chinese 
practice reported by French missionaries, involved the use of hem- 
^r. cables to ™sc aod lower the drill But flush drilling with hollow 
dnll-pipra, through which water could be pumped down to the bit 
so as to el™ the debres, had come into the petroleum industry from 
Europe, where it was first used to drill a S5o-ft well near Perpignan 
in 184S. T^his method gave an as-erage drilling speed of 3 ft an hour, 
whteh could be meteased by the use of taller derriets-riiey reached 
84 ft an hour before the end of the eentury-^nd of powerftl steam- 

bils with 

f of cast steel gradually made 

a better matmal avadable. Diamond drilling, which could penetrate 
hard fotmations, was a French invention of the 1860’s, taken up by 
the Americans and sold by them m England, where it was further 

Tdepth of % ’886 a boring had reached 

European and American drilling methods met cspeciaUy in Galicia 
where hand Jug shafts began to be superseded by percussionJrill- 
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ing about 1862, but geological conditions caused serious hindrances 
until a Canadian firm introduced newer techniques first developed 
at Petrolia, Ontario. Galician experts spread to Germany, where a 
rapid-drilling machine was invented by A. Raky in 1895, and to the 
big Romanian oil-field, mechanical drilling having be^n at Ploesti 
in 1880. The most important European event, however, was the 
growth of the industry in Russia. The first w'ells were sunk to the 
north of Baku in 1873; American drillers were brought in, who 
capped the spouting wells; and within the ten years the construction 



Fio. 261. OU-wells on Pkwicer Run, Oil Creek, c. 1870 


of the Baku-Batum railway opened up a wider market than via Ac 
Caspian Sea. When the smaller field at Grozny came into effective 
use, Russia’s output reached its prc-re\'olutionary peak of 11} 
million tons (1901) and made her Ae largest oil-producer in Ac 
world. 

One consequence of Ac use of a hollow drill, which by removing 
samples could reveal the structure of underground formations, was 
that the question of Ae origin of oil became of practical interest, 
with the result that prospecting ceased to be wholly dependent upon 
such vague surface indications as chance seepages. But Ac opening 
up of new oilfields in many parts of Ac world meant that the com¬ 
position of Ac crude oil—w’hich might differ at different levels as 
w'cll as in different locahtics—w’as altogeAcr too variable for direct 
use. Methods of refining, therefore, came to be of high importance, 
a fact of which John D. Rockefeller was keenly aw-are when he was 
organizing Standard Oil in Ac 1870*5. 
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DistiUatloa ^^'as already regular practice In the chemicnl and alco¬ 
holic fermentation industries* Horizontal cylindrical stills heated 
with steam (or later superheated steam) were used for petroleum; 
steam avoided the danger of a naked flame. Three fractions were 
separated according to their difFerences in boiling-point. The petrol 
or gasoline which distilled over first was for many years regarded as 
not merely useless but dangerous; the middle fraction gave the kero¬ 
sene which w'as then wanted; and the residue with the highest 
boiling-point was sold as fuel without any attempt to e^xtract frac¬ 
tions that would ser\"e as lubricants* An additional wastefulness lay 
in the fact that the third fraction had to be drained olf and the still 
itself allowed to cool between distillations. This batch process w'as 
used in America from the 1850's until the i8So*s, but Europe, with 
more experience of distillation and more need to ccononitze in fuel, 
soon introduced a continuous system. 

As early as 1871 double stills were used in Galicia, the light frac^ 
dons being obtained from the upper still, and the heavier fractions 
from the lower still, into which the residue &om the upper one 
flowed, so that operation was continuous for three or four days at 
a time* At Baku continuous distillation was at first forbidden by 
the excise a check ^ to technological progress comparable to the 
hindrances that British industry had experienced earlier from the 
glass exdse and the salt-duties (pp. 598, 531)* By 1881 the Sw-edes, 
Ludwig and Robert Nobel, w'ho w^ere the great pioneers of the in- 
dustiy' at Baku, had established and patented a bench of no fewer 
than seventeen stills; this method spread from eastern Europe to the 
Far East, though it was not favoured by Ameri can!; iTOrting there* 
Both the steam superheater and high-vacuum distillation (the latter 
allowmg loww working temperatures and thus diminishing the risk 
of decomposmg the less volatile fractions) w^ere intrexiuced first in 
E^ope; up to the end of the century Russia in particular lay far ahead 
of Amcnca m the attention which the universities gave to refinery 
problems* This w^s largely due to the influence of the finance 
mim^er, Count Witte, who was a graduate of Odessa. 

The French tcchnoltyist G. A* Him, who had used superheated 
steam at ^enkch, then in French territory, adapted from the 
soap and fat mdi^t^ the process of further refining the various 
fracnons by dicmiral methods. About 1850 he introduced the use of 
sulphunc acid w-ashing the excess out of the oU with a solution of 
caustic soda. About 1S70 air-stining was introduced (in Budapest) 
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10 secure better mbting of the petroleum and the solutions with 
which it was treated. Other possibilities: were to vi'ash with caustic 
.soda or to filter through beds of certain natural days which have a 
strong decolorizing action but, except in Russia, the use of such 
clays hardly got beyond the experimental stage before the end of the 
centur)^ At about the same time there was introduced the process of 
*craddng\ that is to say, heating under pressure to get a greater pro¬ 
portion of the lighter oils, the effect being to break the long chains 
of carbon atoms forming the molecules of the heavier and less volatile 
fractions; the first American use of this dates from i86z, when its 
purpose was to provide more lamp-oil, in contrast with modern use, 
which is to increase yield of petrol. 

The main article of commerce continued tobeparafrin or kerosene, 
which lit the lamps of half the world* The competition of gas in 
urban areas and—from the iBSo^s onw ards—^that of its more adapt¬ 
able rival, tlcctricitj', made it increasingly desirable to find uses for 
the other fractions* Paraffin itself had shown the way by its exten¬ 
sive application in the kitchen. A modem tj^pc of paraffin stove was 
shown at the Paris Exhibition of 1878, and half a million w'erc sold 
Within ten years. But the first attempts to use for the same purpose 
the heavier products of distillation, bter known as fud-oil, w-ere 
unsuccessful. In iS6z there was an American patent for a very 
primitive burner, merely a sheet along w'hich the hea\'y oil flow’cd in 
parallel channels; this was followed almost immediately by the first 
proposal to ignite not liquid oil hut a mist made by spraying hot 
oil by means of compressed air. This process, later called atomizadou, 
could also be carried out with superheated steam, and it soon served 
to heat both stills at Baku and the boilers of some Russian loco¬ 
motives* Mechanical atomization of the fuel, the final stage in the 
evolution of this idea, though patented in America in 1868 did not 
become fully practicable until just after the end of the century. Mean¬ 
while, in 1865 an article in Tks Times pointed out with considerable 
prescience the great potential value of fiiel-oil for ships. Experiments 
w^cre conducted but, in Europe at least, the relative costs of fuel-oil 
and coal provided no incentive to a change. 

An altem3ti\'e use for the heavy fractions was to produce lubri¬ 
cants, which had become an increasingly important article of com¬ 
merce since the end of the eighteenth century because of the greater 
demands made by both vehicles and machinery. The shale-oil in¬ 
dustry started by Young in Scotland {p. 516) had predecessors in 
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France and central Europe, which had bc^n to make lubricants 
from oil about a quarter of a centur)*^ earlier. Oil-^ds extracted 
with boiling water provided the basis for a lubricant made at 
Pechelbronn, and by 1853 mineral-oil lubricants were being made 
at Logenbach by distillation. Heavy machine-oils became a standard 
product of oil refineries, and by the i88o*s were widely used on the 
railways. In France there was a special manufacture, from American 
crude-oil imports, of a very thin spindle oil, with w hich textile fibres 
were dressed before spinning. 

Petrol, however, remained in general a worthless and dangerously 
inflammable by-product of the industn*, whose most hopeful uses 



Fia. 262. Transporting oil hj water, Oil Creek, Pennsylvania, 1875 

seemed to be for soldering-lamps and pressure-stoves, while the 
mixed paraffin hydrocarbons known as naphtha found a limited 
application in dr)'-cleaning and the extraction of oil-seeds. Old and 
new met, however, in a project to combine coal-gas with petrol, the 
method being to mix petrol vapour with the gas. But gas-oil (from 
the fraction intermediate between kerosene and lubricants), w'hich 
was both cheaper and less dangerous than petrol, could be cracked 
at high temperatures to provide a more convenient means of enrich¬ 
ing the coal-gas, and in the United States it was even possible to use 
natural gases for this purpose. As for the oil-engine, the Diesel 
engine, and the petrol-engine (Ch. 21), these feats of nineteenth- 
centurv' inventive skill had little effect on the petroleum industry 
within this period. It took forty years (1860-1900) for the annual 
crude-oil production of the United States to reach 9J million tons, 
a figure that was quadrupled by 1914 and again by 1929. 
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The relatively small demand for petroleum products in the da>'S 
before the Ford car is reflected in the pnntitive organization for 
transporting them. To begin with, Petmsylvaiija used wooden barrels 
(Fig. 262) in which cargoes even crossed the Atlantic; then came tin 
cans and sheet-iron drums^ with tanks of iron or cement as their 
counterpart in the hold of a ship. Steam tankers developed slowly 
(p* 375)j. but the earliest came into service on the Caspian Sea in 
1879 and its first ocean-going counterpart sailed from Batum for 
London in 1S85; both were constructed for the Nobels in Sweden. 
Steel pipelines were built in the 1870^3 both in America and in 
Russia; by 1880 it was already a feature of the Standard Oil monopoly 
in America that it ‘owns and controls the pipelines of the predudng 
regions that connect with the railroads\ as A. P* Hepburn reported. 

EARLY RUBBER MANUFACTURE 

The histoiy of rubber resembles that of petroleum in that it 
w'as first employed outside the pale of European civilization; that 
its use developed rapidly during the nineteenth century; and that 
nevertheless it did not until die twentieth century take its place as a 
basic raw material, without which modem transport in particular 
could not conrinue. Of the differences, one of the most important 
lies in the fact that rubber is essentially a tropical crop, whereas 
petroleum is a natural deposit to be found in cv^cry clime* Another 
lies in the comparative simplicity both of tlie processing of rubber 
and of its adaptation to technological purposes. 

The characteristic propert>' of rubber is that of recovering its 
shape after deformation, qualides of w^hleh the Central and South 
American natives were w'ell aware long before the era of Spanish 
conquest. They cut the bark and collected the liquid latex that slowly 
oozes out: this is a milk)' emulsion of rubber m an aqueous solution. 
The rubber can be made to coagulate, and separate from the water, 
by heating: the natives of BrazU achieved this by repeatedly dipping 
a wooden paddle into latex and holding it over a wood fire, so that it 
gradually became covered W'ith a thick coating of rubber, which was 
then cut off. By the thirteenth century articles of rubber, including 
balls for games, were in common use among the Maj'as and Aztecs; 
the desired shapes were obtained by carrying out the coagulation 
on moulds made of clay or other material. 

Since the Spaniards from the days of Gsrtcz and Pizarro were 
cognizant of both the industries and the amusements of the peoples 
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they had conquered, and since by 1615 at latest they were themselves 
using rubber to weatherproof soldiers* cloaks, it seems to illustrate 
a remarkable national ineptitude that it was left for the French more 
than a centur\* later to cany' the study and the use of rubber to Europe. 
Charles de la Condamine, who had been sent by the French Academy 
of Sciences on an expedition to Peru, brought back caoutchouc, as 
the substance was then called, and in 1751, fifteen years after the 
expedition, he gave an account of it to the Academy, accompanied 
by a memoir by another Frenchman, Fresneau. One veiy’ early use 
gave caoutchouc its English name: Joseph Priestley in 1770 remarked 
on its usefulness for rubbing out pencil marks. Fresneau had made 
various elastic objects from freshly collected latex, but he pointed out 
the difficulty that the latex quickly coagulated, so that, for want of 
any means of reforming the rubber, articles could only be made on 
the spot. In consequence, the rubber which then be^n to be im¬ 
ported into Europe consisted only of bottles or large balls of native 
manufacture, and although French chemists quickly suggested the 
use of turpentine or ether as a solvent to bring the rubber back to a 
liquid state, the value of the new material was clearly limited by the 
difficulty of working it. 

In France at the time of the Re\'olution a clumsy process of wrap¬ 
ping strips of oil-softened rubber round a bar, and applying a 
bandage until it was consolidated, produced tubes which were no 
doubt expensive but which found favour with surgeons, as did 
elastic bandages and other similar appliances. In England, at the 
same period, there was some experimental work in waterproofing 
fabrics and a patent for making air-beds. A rubberized fabric w’as 
used for a balloon in 1783, and by the beginning of the nineteenth 
century a combination of rubber and fabric served for garters and 
similar objects. No veiy striking results w'ere achie\'cd, however, until 
Thomas Hancock became interested; his patents were among the 
foremost faaors in the de>'elopment of the industry from 1820 to 
their expiiy in 1858. 

Dissatisfied with the existing practice of using turpentine as a 
solvent, which resulted in weak solutions that dried badly, Hancock's 
first idea was to use the rubber directly so as to make (to quote his 
own words) ‘a better kind of spring than any then in use*. He cut 
strips or rings of rubber from the imported bottles, and made them 
up^ with leather or cotton to supply springy material for glove- 
wrists, braces, and slip-on boots and shoes, and to impart elasticity 


17 EARLY RUBBER MANUFACTURE 5^5 

to shoe soles. But as business increased, Hancock found it difficult 
to import enough bottles of the right size to work from, and his 
cutting in any case left him with an uneconomic amount of waste 
rubber. He therefore experimented with a shredding machine, 
designed to tear the waste rubber to pieces inside a hollow qlinder 
fitted with revolving spikes. But the unexpected result of this treat¬ 
ment was to create not shreds but a homogeneous mass of solid 
rubber. In an enlarged form, and Tilth the teeth restricted to a solid 



FlO. 263. Large masticator for rubber 


roller inside the hollow cylinder, this device became the masticator 
(Fig. 263), with which cylinders of rubber could be readily prepared. 
The cylinders could then be compressed in iron moulds to obtain 
blocks of any desired shape and size. 

After this basic discovery of 1820, Hancock proceeded to make 
rubber sheets by sha>ing successive slices off a block. The ultimate 
size of the sheets made vi-as unrestricted, as the pieces could be 
joined edge to edge when warm; they could also be cut down into 
thread, although this was not as strong as thread made direct from 
native rubber. Bottle rubber produced threads only about 5 
long, limited by the size of the original bottle, but these short pieces 
could be warmed and then joined end to end. To make thread with 
fewer joints Hancock arranged for South American natives to send 
him cured rubber in the form of tubes, which he cut spirally on a 
lathe. This thread was used as warp for elastic fabrics and webbing. 

Hitherto only pure rubber had been used: the next major develop¬ 
ment was to blend rubber with other substances. Hancock found that 
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it was possible to mix pitch with rubber in the masticator, giving a 
cheaper product, but it soon became the practice to use a two- 
roller open type of mixing machine (Fig. 264), whose rollers, w hich 
could be heated if necessary, revolved in opposite directions and at 
different speeds. The action was a tearing one, which in the end con¬ 
centrated all the rubber in a continuous sheet on the front roller. 
At this stage it was dough-like in consistency, and compounding in¬ 
gredients could then be added. To make the quality as uniform as 

possible before further process¬ 
ing, the sheet would be cut and 
doubled over many times. This 
was the standard form of mixer 
until the close of the centuiy'. 

Another important pioneer 
was Charles Macintosh, a Glas¬ 
gow chemical manufacturer, 
who found that the coal-tar 
naphtha produced by the then 
rapidly developing gas industry 
was a satisfactory solvent for 
rubber. Strips of bottle rubber 
dissolved in naphtha made a 
varnish that could be brushed on to cloth, where the rubber 
remained as a viscous layer impermeable to air and water after the 
naphtha evaporated: if two pieces of such cloth were pressed to¬ 
gether, w ith the rubber mside, a satisfactoiy' compound fabric was 
obtained which had no tacky surface. The first factory for the produc¬ 
tion of‘mackintoshes* was opened at Manchester in 1824. Hancock 
made Macintosh's process more economical by the use of masti¬ 
cated rubber, and later, in partnership with Macintosh, he invented 
a spreading machine, of a type still in use, so that the cloth could be 
tteated in long lengths at high speed. In 1836, one year before the 
introduedon of the spreading machine for making rubberized fabric, 
^ American inventor, E. M. Chaffee, performed a similar service 
in speeding up the preparadon of rubber in sheet form. His calender 
pressed the rubber into sheets between internally heated heavy steel 
rollers, after which it was run between WTappers so that it should not 
stick together in its w'arm and softened condition. A calender erected 
from American drawings in 1849 is sdll in use at Bradford-on-Avon. 
Wiltshire. 


Fio. 264. Rubber-mixing milb, with pipes 
for steam besting 
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At [he beginning of the reign of Queen Victoria rubber manu¬ 
facture wus well established^ at least in Britain: during i830“4o 
Imports of raw rubber rose from 23 to 332 tons* Apart from water¬ 
proof garments and rubber shoes, rubber was coming steadily into 
use for a large number of miscelLmeous engineering appliances, and 
its use for a ^-ariety of surgical purposes sljH continued. Hancock^s 
Improved methods of manufacture had been introduced by him to 
France in 1S28. In America, too, there was a rapid development of 
rubber manulacrure after about 1830, chiefly for the production of 
rubber shoes* But there the British practice of enclosing the rubber 
in fabric, as in double proofing and elastic webbing, did not appeal; 
instead, much use was made of raw rubber or of rubber which was 
fabric-protected only on one side. In 1835 the extremes of the 
climate caused rubber goods to obtain a very bad name for losing 
their elasticity in the cold as well as going soft and tacky in the heat^ 
although Americans, as we shill see, reacted strongly to the challenge 
of adverse conditions, the position of the industry' w'as for many 
years more precarious among them than in Britain. 

VULCANIZATION AND WIDER USES OF RUBBER 

Charles Goodyear, a Philadelphia hardware merchant who had 
become interested in the problems of rubber manufacture, con¬ 
ducted a long series of experiments to try to impro%'e the capacity 
of the material to withstand extremes of temperature* In one, be 
accidentally over-heated a mixture of rubber, sulphur, and white 
lead, and found that, although it was charred in the centre, the edges 
had a perfectly cured border; the resulting substance was relatively 
little affected by cold or heat, and could not be dissolved like the 
original rubber. In 1841 Goodyear was able to prepare the new 
material in continuous sheets of uniform ijuality by passing the mix¬ 
ture through a heated cast-iron trough, and in December a specifica¬ 
tion was lodged with the U.S. Patent Office* This was not in itself 
an appbeation for a patent, and for financial reasons a British patent 
was not asked for until three years later. Since there w'as a strong 
prejudice against rubber in America, Goodyear tried to sell his secret 
to Maemtosh, who was interested in finding a process for producing 
single-texture garments with a rubber surface that would become 
neither tacky nor brittle. The British firm refused to purchase a 
process that had not been patented, but Goodyear s samples were 
given to Hancock, who proceeded to work out independently the 
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method employed in the manufacture; he obtained a British patent 
in November 1843. a couple of months before an application from 
Goodyear. Goodyear had at least shown him that the problem was 
soluble. 

Vulcanization, as the name implies, is essentially a heating pro¬ 
cess. Sulphur was added to the rubber, together with other minor 
ingredients, and the temperature in the mixing machine raised until 
it w-as completely incorporated. The process was completed by heat¬ 
ing the sulphur-treated rubber in the moulds in which the hnal 
product was to be made. Vulcanization removed most of the disad¬ 
vantages associated with the use of rubber, the extent to which its 
properties w ere changed depending on the amount of sulphur added 
and the temperature and duration of the curing process. In 1846 an 
alternative form of vulcanization was invented by Alexander Parkes: 
in this method, suitable only for thin sheets or thin-walled articles, 
the rubber was dipped in a weak solution of sulphur chloride. 

By the time Hancock*s patent expired in 1858, the success of vul¬ 
canized rubber was assured. Heavy w’aterproof garments could now 
be repbeed by something lighter; there was a growing demand for 
rubber shoes and other forms of footwear; and rubber was wanted 
in the engineering industries for valves, conveyor-belting, and various 
types of hose. As a consequence rubber imports into Britain had 
gone up by nearly 400 per cent, since 1840, and the day was rapidly 
approaching w'hen only rubber for adhesives, erasers, or for such 
specialized usesas crepesoles'in footwear would be left unN'ulcanized. 

The growth of the use of rubber in the nineteenth century— 
Brazil, which was the main supplier of the raw material, increased its 
output from 31 tons in 1827 to 27,650 in 1900—was closely rebted 
to the de\’elopmcnt of transportation. In the pre-railway age it was 
especially v’aluable for equipping the exposed traveller with water¬ 
proof outer-wear, including footwear, while in the railw'ay age its use 
did much to increase the comfort of travel by reduction of jolting. 
As early as 1826 there wtis a patent for using cubic rubber blocks 
to repbee steel springs in road carriages, and in 1845 rubber was 
being used to cushion the ends of railway carriages; rubber 
springs appeared in 1852. But even before the middle of the century 
Hancock had started the manufacture of rubber road tyres, which a 
hundred years bter was to consume far more rubber than all other 
uses combined. The first road-vehicle tjTes made by Hancock in 
1846 were solid, about i in. wide and in. thick, either attached to 
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a metal hoop or sprung on to the wheel and held in position by 
flanges. But in the same decade of the i840*s a patent was taken out 
for pneumatic rubber tyres with an outer casing of leather: these 
^aerial wheels’, as they were called, were tested in Hyde Park and ran 
successfully for as much as 1,200 miles; they even spread to New 
York, yet the invention was soon completely forgotten. It reappeared 
in 1888 as an improvement upon solid rubber t)Tes, which had been 
widely used for bicycles since the 1870’s, and the immediate suc¬ 
cess of Dunlop’s pneumatic biq'cle-t)Te led to experiments with a 
larger number of canv'as plies and thicker tread for use on the new 
motor vehicles. Michelin’s first motor-tyre appeared in 1895, Dun¬ 
lop’s in 1900, and with the growing popularity of the motor-car there 
were fortunes to be made from the production of increasingly durable 
rubber compounds for this manufacture. 

The other main application of rubber in the nineteenth century 
^s’as to the electrical industry, especially in the insulation of cable 
(p. 620). For this reason increasing importance attached to the 
improvement of methods of extrusion, for which there had been 
patents as early as 1845. The method finally adopted was to drive the 
rubber to the front of a cylinder by means of a power-driven worm- 
shaft fitting closely to its walls. From the front of the cylinder the 
rubber w'ould be forced round the wire through a heated die which 
gave it the required shape. 

PLANTATION RUBBER 

All this presupposed the existence of an almost indefinite supply 
of raw material—Britain, for example, by 1900 was importing 
20,000 tons a year—such as existed in the case of petroleum and 
coal-gas. Rubber latex, howe\'er, was a liquid of rather variable 
properties derived hitherto from the bark of wild tropical pbnts, 
and the process of tapping the trees for rubber was in practice 
confined to South and Central America. Since the production of 
synthetic rubber lay far in the future, much importance attached 
to the tv^'O stages by which the t^'cnticth-ccntury’ supplies of plan¬ 
tation rubber came into existence. 

The idea of deliberately cultivating rubber plants in the East and 
West Indies dates back to 1855, but it was not until 1873 that the 
India Office, ha\ing satisfied itself that the best of the rubber-bearing 
trees was the Hevia of South America, procured seeds from which 
six seedlings were raised and sent to Calcutta, where they failed. A 
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second attempt w’as made with seedlings direct from Brazil, of which 
barely thirty survived: cuttings from them were distributed to Cey¬ 
lon, Singapore, and Java. Finally, the services of an English planter 
resident on the Amazon were enlisted for the collecting of seeds from 
trees then actually being tap{>ed. They were shipped promptly to 
Kew Gardens and were sown the day after arriv’al, with the result 
that nearly 2,000 plants were sent to Cc}’lon in August 1877 (Fig. 
265) for distribution thence to Singapore and other destinations. 
At the end of the century seeds and plants by the million were being 



Fio. 265. Case in which plants were dispatched from Kew 
to initiate the rubber plantation industry in the 


distributed from official sources over a wide area of the Far East 
and to British Guiana, Honduras, and the West Indies. The total 
cost of the initial venture, however, had been only 1,500. 

Nevertheless, it was not until al^ut 1895 plantations came 
into effective production. Qeanng and weeing, planting and culti¬ 
vation all took time; there was also the training of the staff and the 
study of the best methods of tapping the latex. This led, about 1889, 
to the replacement of the native method of cutting the bark by a 
new one, in which a preliminary cut was made and then reopened at 
intervals, so as to produce the maximum flow of latex for the mini¬ 
mum damage to the tree. Considerable improvements were also 
made in the coagulation of the latex and in preparing the rubber for 
market. 
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THE RISE OF THE 
MODERN CHEMICAL INDUSTRY 

THE CHEMICAL INDUSTRY AND THE INDUSTRIAL REVOLUTION 

A s wc have seen in Chapter 9, chemical products had, by the 
/\ middle of the eighteenth centur)', become necessary for a 
-Livery wide range of industries, and the demands of the textile 
industry were particularly heav)'; there is, however, little truth in 
the often-made assertion that the textile industr}' was the parent of 
chemical science. The great expansion of the textile manufactures 
in Britain which began with the industrial revolution, together with 
the expansion of glass-making and soap manufacture, greatly in¬ 
creased the demand for alkali, and so great a strain v^’as put on natural 
resources that before long the synthesis of alkali became essential. 
A satisfactory process for making soda from salt was devised by 
Nicobs Leblanc, phy’sician to the Duke of Orleans, in 1787* This 
was of enormous technological significance as being the first indus¬ 
trial chemical process to be worked on a really Urge scale: for more 
than a century' it was the very core of the heavy' chemical industry. 

Although Lebbne’s process, which wc shall describe bter, was 
announced in 1787, it vNas not worked in Britain until nearly forty 
years later, an important factor in the delay being the excise duty on 
salt, introduced in 1702 and not finally abolished until 1823. Mean¬ 
while, however, vegetable sources of alkali—in addition to the ex¬ 
pensive natron that had been imported into EurojK from Egy'pt 
since ancient times—were intensively exploited. An important new 
source of potash, made by leaching wood ashes, i^as Canada, where 
the sale of potash was virtually the only means by which the early 
settlers could earn ready money, if they lived in forest regions situated 
at a distance from the great waterways on which the lumber trade 
depended. By 1820 there were some 1,500 ships engaged in the 
business; by 1831 Canada was exporting 35,000 tons of potash and 
pearl-ash (the most refined grade) to Britain annually, this being 
approximately three-quarters of this country s total import. By the 
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middle of the centur)', 4 million tons of hardwood were being burnt 
annually in Canadian ashcrics; Scandinavia, too, was a major source 
of wood ash. The ashes wxre extracted with water, the solution 
filtered through straw, and the extract evaporated to dryness; to 
make pearl-ash the crude product was roasted in a reverberatory 
furnace. Meanwhile, additional supplies of low-grade alkali—10,000 
tons aimually by the end of the eighteenth century—were being 
obtained from Scotland by the burning of seaweed, and from 
Mediterranean seashore plants under the name of barilla. Although 
s>iithetic soda quickly ousted the natural produa as the Leblanc 



Fio. 266. Extnetioo of toda from black aah, in the Leblanc process 


process became widely established, the ashes of plants remained 
the main source of potash up to i860, when the vast deposits of 
potassium salts at Stassfurt, south of Magdeburg, began to be 
worked. 

In France the general shortage of alkali had been made acute by 
the difficulties arising from the wars, and in 1775 the Academy offered 
a prize of 2,400 livres for a satisfactory' method of making soda from 
salt. In offering this award, they had reasonable grounds for hoping 
that it would soon be claimed, for the problem was already engaging 
the attention of a number of chemists. Although earlier attempts met 
with some success, the first to dev'ise a process that could be satis¬ 
factorily worked on an industrial scale was Leblanc, w'ho took out 
a patent in 1791. He opened factories at St I>cnis, Rouen, and Lille, 
but reaped no lasting benefit from what was to remain for a century 
one of the most fundamentally important of all industrial processes! 
he was swept away by the Revolution, and died in poverty, by his 
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owTi hand, in 1806. His process vns basically very simple: common 
sail was treated with sulphuric acid, and the resulting salt-cake 
(sodium sulphate) was mixed with coal and limestone and then 



Fia 267. Purification of soda by aystallizatioo 


roasted. Soda was extracted with water from the resulting ‘black 
ash* (Fig. 266), and the solution was c^'aporated to drjmess in open 
pans; if necessary, for example in gbss-making, the product so 
obtained was further purified by crystallization (Fig. 267). 

In Britain, somewhat similar processes, derived from France, began 
to be worked by, among others, William Losh and Thomas Double¬ 


day of Walker-on-T)Tie. From 
1802, after the Peace of Amiens, 
they w'orked the Lebbnc process 
on a very' small scale, but the first 
effectively to establish this in 
Britain was James Muspratt, an 
Irish chemical manufacturer who 
settled in Liverpool in 1822. In 
this neighbourhood he found the 
ideal conditions for working the 
process economically: salt, on 
which the duty' of £30 per ton w as 
repealed in 1823, by in abun¬ 
dance beneath the ground, and 
coal and limestone were close 
at hand. A reason for the slow 
establishment of the Lebbnc pro¬ 
cess is that the soap-boilers (Fig. 
268), w ho were eventually among 



Fig. 268. Soap-boilinf, mid-ninetccndi 
century 


Muspratt*s best customers, would 
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not accept the synthetic soda and he had, at first, not only to give 
them his product but to supervise its use. This is all Ae more 
surprising in view of the fact that the s>'nlhetic product had a great 
advantage over the natural one in being of very consistent qudity. 
In 1828 Muspratt entered into partnership with Josias Gamble and 
a new works was established at St Helens, which has since remained 
one of the great centres of the British chemical industr)\ Gamble 
was exceptional among chemical manufacturers of his day in that he 
had received some formal training in chemistry, under Professor 
Qeghom at Glasgow; Muspratt, by contrast, had had an adven- 



Fk 3. 269. St RoUox works, Glxsfow, c. x8oo 


turous career in the Napoleonic wars, taking part in the British 
retreat from Madrid in 1812. No doubt the great difference of 
temperament between the t^'o men was among the reasons for the 
termination of the partnership after only two years. In 1825 Charles 
Tennant began to make soda by the Leblanc process at Glasgow, 
^here his St Rollox works (Fig. 269) soon became the largest chemi¬ 
cal factory in Europe. In the i83o*s it covered 100 acres and had over 
a thousand employees, and its immense chimney, 455 ft high, was 
a famous landnwk. By 1840, at btest, s)Tithetic soda had Urgely 
repbeed barilb in Britain. 

Sulphuric acid was, as we have seen, nccessar)' for the first stage of 
the Leblanc process, and its manufacture on a large scale became 
essential. From the seventeenth centurj’, Nordhausen in Saxony had 
bwn a centre for the manufacture of strong sulphuric acid by the 
distillation of green Wtriol (ferrous sulphate), but production there 
was hmitcd and very expensive. Joshua Ward—perhaps better 
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known as the quack of Hogarth’s Harlot's Progress —had begun to 
manufacture it at Richmond in 1737 by burning a mixture of 
sulphur and nitre (saltpetre) in the necks of large glass vessels con¬ 
taining a little water: after sc\'eral combustions, the water became 
converted into dilute sulphuric acid, which was then concentrated 
by distillation. Ward was granted a patent in 1749, even though his 
process was basically the same as one used experimentally by the 
German chemist Jolunn Glauber in the seventeenth century and his 
method was already being used 
in both France and Germany. 

By Ward’s process the price 
of the acid >a'as reduced from 
roughly £2 to zs. a pound, but 
it was John Roebuck’s ‘lead- 
chamber* process that finally 
established this essential manu¬ 
facture on a really firm basis 
and on a large scale. Roebuck 
replaced the fragile glass vessels 
(Fig. 270) by chambers consist¬ 
ing of sheets of lead, one of the 
few cheap metals resistant to 
the acid, mounted on wooden 
frames. Roebuck, who had 
studied chemistry at Edinburgh 
and Leyden, first worked his 
process at Birmingham, where 
he >^'as a consulting chemist to 
the local metal industr>', but he shortly moved to Prestonpans; 
there, in greater isolation, he hoped to preser\’e the secret of his 
process, which he did not at first attempt to patent. But an employee 
left him and set up a rival works at Bridgnorth, and before long lead- 
chamber works were established elsewhere in Britan and in France. 
The first lead-chamber factory in France ^"as built about at 
Rouen. The first in the United States was established at Philadelphia 
in 1793 by John Harrison, who had studied chemisdy and industrial 
chemical methods in England: he soon had competitors at a number 
of centres, including New York. When Roebuck made a bebted 
application for a patent, it failed on the grounds that the process 
was already widely used. 








Fi{ 3. 271. Lead cKimbcr in which sul¬ 
phuric add was made, f- 1813 
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By the early nineteerith oennuy various improvements had been 
made in the originai process. In 1793 the French chemists Desormes 
and aement showed that the quantity of nitre required could be 
much reduced by admitting air for the combustion of the sulphitr, 
and in 1803 Tennant carried out the process of combustion In a 
separate furnace instead of w ithin the lead chambers. In 1S18 Hill 
of Deptford used pyrites as a source of sulphur—a change which 
became general for half a century after 1S38, when Ferdinand II, 
king of the Tw^o Sicilies, ill-advisedly gave a French firm the mono¬ 
poly of Italian sulphur, with the 
result that the price quickly 
doubled Itself About the same 
time steam jets began to be used 
in the chambers in place of the 
shallow^ layers of water at the 
bottom (Fig, 271), The size of 
the chambers was very greatly 
increased—by i860 Muspratt 
had one of 56,000 cu. ft capacity', 

. . compared with the 200 eg. ft of 

Roebuck s original—and the process was made continuous. By 1830 
the price of sulphuric acid had fallen to a pound, and it fell still 

^rtherw'hen mineral saltpetre (sodium nitrate) began to be imparted 
from Chile* 

The action of sulphuric acid on salt in the drst stage of the Leblanc 
process produced clouds of hydrochloric add gas, a verj' noxious and 
destructive by-product w’hich involved the early soda manufacturers 
m repeated htigabon with their neighbours, Muspratt sought to 
a^te the nuisance by expellins the gas througb immensely tall 
ehimntys-one almost 300 ft high-but in 1836 WiUiajn Gossage, 
a Uorcestershue chemical manufactuicr, invented towers in which 
the gas was absor^d by a descending stream of water. This paved 
^ way for the Altai, Act of 1863, which required mann&cmrrrs to 
absorb at least 93 per cent, of the hydrochloric add. 

Unglwfore this, however, manuftentrers had found in bleaching 

hydrochloric add. For centuries the 

with bunermilt (or, after 1758, wdth dilute sulphuric add) and ex- 
taking several months to complete, especially in northern ladtudes. 
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and requiring much space. Qiemica] bleaching was introduced in 
*785 French chemist BerthoUet, who showed that a solution 
(cau de Javel) made by passing chlorine through potash had a very 
strong bleaching action. Berthollct described this process to James 
Watt during a visit by the latter to Paris, and when he returned to 
Glasgow’, Watt passed the information on to Tennant. Very soon 
Tennant introduced an improvement of his own: in 1799 he began 
the manufacture of bleaching powder by passing chlorine over lime. 
The introduction of bleaching powder, at first offered at £140 a ton 



Fia 27a. Bkacb-Scid, early nineteenth century 


but by 1830 at £80 a ton, was an event of the first importance to the 
textile industr>’, for without it the cotton industry could not have 
achieved its enormous expansion; chemical bleaching w’as also a 
V’aluable iimoN’ation in the manufacture of paper. The British Govern¬ 
ment recognized its importance in 1815 by recommending that salt 
used for making bleaching powder should be exempt from duty. 
By 1830 annual production of bleaching powder in Britain was ap¬ 
proximately 1,500 tons. 

LATER DEVELOPMENTS IN THE MANUFACTURE OF SODA AND 
SULPHURIC ACID, 183O-I9OO 

Although the nineteenth century saw an enormous expansion of 
the chemical industry in both its scale and the number of its products, 
three aspects are of particular importance. The first was the gradual 
obsolescence of the Leblanc process as it became replaced by the 
Solv’ay ammonia-soda process; the second was the de\’clopmcnt of 
the s}'nthetic organic chemical industr}’, following W. H. Perkin’s 
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discovery of the first synthedc dyestuff in 1856; the third was the 
growth of the electrochemical industry concomitant with the de¬ 
velopment of large-scale methods for the production and distribu¬ 
tion of electricity (Ch* ^z), 

The stoiy' of the development of the Solvay process is a logical 
sequel to that of the Leblanc process^ which we have already con- 
sidcred^ Although the techaological importance of the Leblanc pro¬ 
cess is difficult to overestimate, it had certain inherent disadvantages, 
to one of which—the evolution of vast clouds of hydrochloric add 
gas—we have already alluded. Gossage’s absorption towers (p. 536) 
satisfactorily solved the problem of hydrochloric acid, but there 
remained the further serious problem of disposing of the noisome 
waste, known as *galligu^ which remained after the soda had been 
extracted from the black ash. The magnitude of the problem is 
apparent from the fact that for ever>' ton of soda manufactured there 
remained no less than two tons of galligu. Apart from the incon¬ 
venience of disposing of it, the galUgu was a serious source of finan¬ 
cial loss, for within it was locked up most of the expensive sulphur 
used in making the sulphuric acid required for the first stage of the 
process. 

In these circumstances, it is not surprising that even in the early 
days of the Leblanc process chemists turned their attention to the 
devising of an alternative. The essentiais of w hat subsequently be¬ 
came the Solvay process were, apparently, worked out as early as 
1811 by the French engineer and scientist A. J. Fresnel, but the 
practical difiiculrics of the process were such that half a century 
elapsed before it could be satisfactorily worked industrially. ^\Tiile 
Fresners contribution must not be overestimated, there is evidence 
that he knew that if carbon dioxide gas is passed into brine saturated 
with ammonia, sodium bicarbonate, a relatively insoluble salt, is 
precipitated. Sodium bicarbonate is easily converted into soda, 
merely by heating it^ at the same time carbon dioxide gas is liberated 
and this can be rc-used for the first stage of the process. The am¬ 
monia, too, can potentially be recovered for further use, since it is 
converted during the process into ammonium chloride; from this 
ammoma is easily liberated by treatment with lime. The lime itself 
is obtained as a by-product of roosting limestone to make carbon 
dioxide. Thus the process is to a high degree self-contained, the only 
waste product being calcium chloride which, although almost un¬ 
marketable, was at least not objectionable like galligu. 
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The story of the c\'olution of the ammonia-soda process is a long 
and involved one, of which we can consider here only the most im¬ 
portant steps. As early as 1836 soda was being made in a Scottish 
works at Camlachie, at the rate of 2 o^t daily, by treating salt with 
ammonium bicarbonate, but this was a short-lived venture. Two 
years bter two London chemists, H. G. D>'ar and J. Hemming, 
patented a similar process which they worked for a time at their 
\Vhitechapcl works. They soon ran into severe praaical difficulties, 
however, arising mainly from the difficulty of preventing the escape 
of ammonia, a light and volatile gas. The Whitechapel works was 
visited by James Sheridan Muspratt—son of James Muspratt, 
pioneer of the Leblanc process in Britain—who was sufficiently 
impressed to persuade his father to invest some £SyOOO in a plant to 
work the process at Merton. This venture met with no success. A 
number of other chemical manufacturers, in Britain, Germany, and 
France, attempted to work the D)'ar and Hemming process but all 
were defeated by the practical difficulties, particularly that of con- 
scr\’ing ammonia, which w'as relatively co^y to manufacture. Of 
these ventures perhaps the most successful was that of Rolland and 
Schldsing, who about 1854 set up works near Paris to manufacture 
soda by w hat they claimed to be a continuous version of the D)-ar- 
Hemming process; the factory w’as closed three years bter, however, 
having made only 300 tons of soda. 

The decisive step was made in Belgium by the SoK'ay brothers, 
Ernest and Alfred. Ernest Solvay’s prindpal contribution w'as to 
introduce a carbonating tower, which made the process continuous; 
other, but somewhat less important, developments were in the kilns 
for liberating carbon dioxide from limestone and for calcining the 
sodium bicarbonate. Solvay filed his patent in Belgium in 1861: it 
is an interesting sidelight on the still rebtively slow rate at which 
knowledge was disseminated that he w*as totally unaware of the con¬ 
siderable work done already in this field during the previous half 
century'. The first works was built at Couillet in 1863, but there were 
still technical difficulties to be overcome and it w*^ four years before 
the Solvay process was finally w'orking satisfactorily. Once the teeth¬ 
ing troubles had been overcome, how’ever, progress w'as very rapid 
and the big Dombasle works were built in France in 1876. 

The ammonia-soda process was introduced into Britain by Lud¬ 
wig Mond, who in 1872 acquired the British rights in a more ex¬ 
tensive patent which Solvay had filed in Britain in that year. Mond 
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cntcreid into partncrsliip with John Brunner and they established 
works at Winnington in Cheshire. Even then the anunonin-soda pro¬ 
cess proved obstinate, and before they hoally mastered it the two 
partners were within sight of financial ruin. The process was being 
worked at Wyhlen, in Germany, by 1880, and at Syracuse, in the 
United States, four years later. 

From that time onwards the ultimate triumph of the ammonia- 
soda process was no longer in doubt, but the operators of the Leblanc 
process, who had heavy capital investments in plant, put up a 
spirited resistance. The general course of the struggle is illustrated 
by the figures for world production of soda. In 1874 production ^vas 
525,000 tons, of which no less than 495,000 tons was made by the 
Leblanc process: by 1902, although the world total had risen to 
1,800,000 tons, only 150,000 tons of this was made by the Leblanc 
process. During the same period the price of soda fell by more than 
half That the two processes were for so long worked side by side, 
despite the undoubted superiority of the Solvay process, can he 
attributed to two principal factors* The first, and more impor¬ 
tant, was that during the middle decades of the nineteenth century 
numerous technical improvements W'crc made in the original Leblanc 
process; the second was a series of arnalgamations among the 
Leblanc operators, making it possible for them to produce more 
efficiently. 

Of the technical improvements in the Leblanc process, some of 
the most Important were concerned with the treatment of galligu to 
recover sulphur, .'\mong the many able chemists who directed their 
attention to this problem were Gossage and Mond, but neither of 
them produced entirely satisfactory' solutions. The first to do so was 
Alexander Chance, whose process was a development of Gossage’s 
that w as made possible, as he himself acknow'ledged, by the avaiL 
ability' of impro^'ed machinery and appliances. Chance’s process con¬ 
sisted essentially in blowing carbon dioxide gas through the galligu, 
when hydrogen sulphide is liberated from the calcium sulphide con¬ 
tained in it. By a process of double enrichment he obtained a gas 
sufficiently rich to be burnt m kilns devised by C. F. Oaus: in these 
kilns the hydrogen sulphide was partially oxidized to water and 
sulphur, the latter collecting in a well at the hottoni. In 1893 the 
Chance-Claus process w'as being worked in Britain on a scale 
sufficient to yield 35,000 tons of sulphur annually, w'hich found a 
market for the manufacture of sulphuric acid. 
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Of Others who made lechmcnl improvements in the Lcbknc pro¬ 
cess, James Shanks must be mentioned: in 1861 he introduced much 
improved vats for the eytruction of the black ashn About 1870 a. 
notable improvement twos made in the manufacture of the black ash 
itself. Originally it was prepared simply by stirring a mixture of salt- 
cake, limestone, and coke in a furnace, but this came to be replaced by a 
large revolving furnace, of which the first used in Britain were cast by 
Thomas Robinson of St Helens. These Vevolvcrs\ generally about 10 
ft in diameter and ao ft long, could contain a relatively large charge. 

Improvements were also made in the utilizadon of the hydros 
chloric acid gas produced in the first stage of the Leblanc process* 
Henry Deacon devised a method for the catalytic oxidadon of the 
gas to chlorine, and in rSyo patented a prexsss by which strong 
bleaching powder could be made from the resulting mixture of 
gases. More important, however, w-as a process devised by Walter 
Weldon, in which the hydrochloric acid was oxidized to chlorine 
by manganese dioxide: this w-as not a new' process, but he was the 
first to solve the very important problem of recovering the expensive 
manganese for further use. Weldoo^s process quadrupled the output 
of bleaching pow^der and reduced its price in Britain to £6 a ton. In 
presenting him with the gold medal of the Soci^te d’Encouragement, 
the great French chemist J. B. A* Dumas stressed the far-reaching 
consequences of the invenrion: *By Mr. Weldon^s invendon, every 
sheet of paper and every yard of calico has been cheapened through¬ 
out the world.’ 

In the manufacture of sulphuric add there had been, meanw^hile, 
a rcvoludon comparable with that in the manufacture of soda. As 
early as 1831 Peregrine Phillips, a Bristol \incpr manufacturer, 
patented a process for the manufacture of sulphuric acid different 
in principle from that of the lead-chamber process* Briefly, sulphur 
dioxide—made from sulphur or pyrites—was to be made to combine 
with oxv’gcn in the presence of finely divided platinum, W'hich sen,'ed 
as a catalyst: that is, a substance which facilitates a chemical reacdon 
w ithout itself being consumed in it. The resulting sulphur moxidc 
was to be dissolved in water or dilute sulphuric acid, to form a strong 
acid. Like the ammonia-soda process, Phillipses w^as long defeated 
by its technical difficulties, the most serious of w’hich was that the 
catalyst gradually became ‘poisoned* and usele^. This difficulty 
Seemed less serious from 1S52 onwards, w hen it wus shown that 
materials much less expensive than pladnum—notably iron oxide— 
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couJd sene as catalysts. Nevertheless, the so-called contact process 
ntado little headway until develppments elsewhere in the chemical 
industry made it neocss3T>' to have sulphuric acid stronger tha.n that 
obtainable by the lead-chamber process. This development was the 
growth of the organic chemical industr)', which required increas¬ 
ingly large quantities not only of strong sulphuric add but of the 
form known as oleum, which contains a considerable excess of sul¬ 
phur trioxidc. Until 1870 virrually the only source of oleum was the 
Nordhaxtsen works (p. 534), whose product was, however, extremely 
expensive and limited in quantity. The contact process quite sud¬ 
denly engaged serious attention, as it promised to supply large 
quantities of oleum at a reasonable price. 'ITietc was, at first, no 
thought of competition with the lead-chamhcr process. 

A decisive improvement in the contact process was made about 
1S70 by a Gernian chemist, Rudolf Messel, who found that the 
poisoning of the catalyst could be avoided if the sulphur dioxide, 
originally derived from lead-chamber acid but later from pyrites, was 
first carefully purified. After the Franco-Prussian war Messel, with 
W.S. Squire,devcIopcdanindustriaiJy sadsfactoiy formof the contact 
process which was worked from 1876 at Silvertown, where output 
eventually rose to 1,000 ions w^cckly. in Cermany, which had become 
the main centre of the flourishing dyestuff industry, the contact pro¬ 
cess w^as quickly developed on a very brge scale; by 1900 production 
was 116,000 metric tons and within three years it had almost doubled. 

SYNTHETIC DYES 

The manufacture of dyestuffs is only one example of a totally new 
branch of the chemical industry—^e manufacture of organic 
chemicals that developed in the last half of the nineteenth centuiy'^ 
Originally, as its name implies, organic chemistr}' concerned itself 
w’lth the study of substances found in living organisms, but as 
chemists Identified the vast majorltyofthese as compounds of carbon, 
organic chemisUy became symonjinous wnth the chemistry of all 
substances containing carbon, regardless of their origin. Carbon is 
unique in the facility with which its atoms will join together to form 
chains and rings: where the compounds of other elements are 
measured in hundreds or thousands, the compounds of carbon are 
numbered m millions. 

Since the dyestuffs industry was the main customer for oleum, 
we may appropriately next consider the changes that had been 
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taking place in it. In earlier discussion of dyeing, it has been pointed 
out that from ver}' early times a considerable range of vegetable 
dyes has been used: in 1856, however, a discovery occurred which 
very quickly made an enormous number of new dyes available. This 
discovery was that of mauve, made by W. H. Perkin in 1856, 
but the story properly begins some ten years earlier. In 1845 the 
distinguished German chemist, August Wilhelm von Hofmann, had 
come to London at the invitation of Prince Albert to be the first 
superintendent of the Royal College of Chemistry. Hofmann w'as 
among the first to realize that coal-tar, cheaply available from the 
rapidly expanding gas industrj’(Ch. 17), could yield many different 
substances of great chemical interest. Among these substances was 
benzene. It was already well knowTi that when this is treated with 
nitric acid it forms an oily yellow substance called nitrobenzene; if 
this is reduced, it jiclds aniline, so called because it w’as first pre¬ 
pared from indigo, for which the French and Portuguese name is 
anil. Hofmann found a very much better way of reducing nitro¬ 
benzene, and thus made aniline available cheaply and in large quan¬ 
tities if a use could be found for it. Among his students w’as Perkin, 
then a youth of only eighteen, who saw’ a resemblance between the 
formula of allyl-toluidine, a derivative of aniline, and the very im¬ 
portant anti-malarial drug, quinine. Perkin conceived the idea, which 
w’c now know to be totally impracticable, of oxidizing allyl-toluidine 
to quinine. Disappointed in the result, he tried the same experiment 
with aniline: from the black sludge resulting from his experiment he 
obtained some purple cr)’stals. Experimenting with the possibilities 
of this ‘aniline purple* as a dye, he found that it would dye silk a 
brilliant mauve which was fast to light and not removed by w'ashing. 

Perkin sent a specimen of his dyed silk to Pullars of Perth, the 
dyers, who sent a most encouraging report upon it, saying: ‘If your 
discovery does not make the goods too expensive, it is decidedly one 
of the most >’aluable that has come out for a very long time.* Perkin 
immediately patented his dye, and with the help of his father and 
elder brother built a works at Greenford Green, near Harrow, in 
1857. While the new' dye quickly achieved considerable success in 
Britain, it was its popularitv' among fashionable circles in France— 
where Pcrkin*s patent unfortunately proved to be void—that finally 
established sales on a really large scale. Although the original mauve 
is now little used, it is still famihar to stamp-collectors as the dye of 
some early British penny stamps. Such w’as Perkin s success that by 
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the age of thirty-five he was wealthy enough CO retire from business 
and devote himself entirely to chemical research^ In this he had a 
further conspicuous success in June 1869^ when he perfected a 
method for the synthesis of alizarin^ the red colouring matter of 
madder root (p. 267). In the event, the German chemist Heinrich 
Caro beat him by a single day in lodging his patent^ but to this 
dramatic story we will return later* 

The great success of Perkin’s mauve led organic chemists to in¬ 
vestigate energetically the possibility of mating other sjTtthetic dyes 
from aniline and its chemical derivatives. In 1859 Verguin discovered 
magenta, named after the town in. northern Italy where Napoleon 10 
that summer defeated the Austrians* Hofmann himself—who had 
at first been scornful of Perkin’s forsaking of pure chemlstr)' for in¬ 
dustrial practice—showed that magenta (Fig, 273.) could be the 
parent of a whole series of violet dyes. These were foUow'ed by a blue 
dye, rosanilJne blue, discovered independently in France and in 
England: this suffered from the disadvantage of low solubility in 
water, but the defect was removed when Edward Nicholson dis¬ 
covered that sulphonadng the dye with oleum converted it into a 
soluble form. It was soon found that this process of sulphonauon was 
widely useful: apart from rendering many dyes more soluble it also 
made them strongly acid, which had certain technical advantages 
from the dyer’s point of view'. Aniline black was discovered-—or 
rather rediscovered, for it had been observed in 1834—by John 
Lightfoot in 1S63. In its original form it had the defect of gradually 
acquiring a dingy green tinge, but this was overcome by chemical 
modification. Meanwhile, a young German chemist, Peter Gricss, 
had discovered the so-called diozo compounds, which subsequently 
proved of very great importance in the manufacture of dyestuffs: 
although there were earlier examples, the first really successful dye of 
this kind was Bismarck brown, prepared in 1863. Such was the avidity 
of manufacturers for new dyes, that this was being manufactuted in 
Nlonchester by Ivan Levuistcin in the following year. 

^^Tiile chemists had been inventmg synthetic dyes of totally new 
kinds, another profitable line of research was being followed. This 
concerned the synthesis of some of the traditional natural dyes: that 
this possible was the result of rapid strides coucurrently being 
in theoretical organic chemistry'. In 1869 two German, chemists, 
tC. Graebe and K. Licbermann, achieved a conspicuous success by 
synthesiring alizarin; their first process was not, how ever, industrially 
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practicable, as it was too expensive to compete with the natural 
product. The solution of the problem came as the result of a 
laboratory accident which showed that the essential process of sul- 
phonation could be carried out only w ith verj' strong sulphuric acid 
and at a high temperature. This key discovery was made by Caro, 
working for the Badische Anilin-und-Soda Fabrik; he (as previously 



Fio. 273. Cauldron fined with mechanical sturcr for 
manufiKturo of magenta d}^, r. 1860 


mentioned) lodged his patent in Britain the day before Perkin 
lodged one for the same process. In the end a satisfactorj’ solution 
was arranged, for the Badische Fabrik gave Perkin licence to manu¬ 
facture alizarin in England. The European madder grow'ers, w'hose 
crop in 1868 was some 70,000 tons, were ruined by the di^ver>', 
but the long-term result was not without advantage, for considerable 
areas of land were liberated for food production. 

In 1897 synthetic indigo came on the market, and the story of this 
de\'elopment is in many ways curiously similar to that of alizarin. 
The first process—invented in 1880 by Adolf von Baej er—proved, 
like the first sjmthesis of alizarin, to be too complicated and expen¬ 
sive for industrial de\'elopment. Again, it was a laboratory’ accident, 
acutely interpreted, that finally pointed the way to success. One 
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of the raw materials required for the makm^ of synthetic indigo was 
phthalic anhydride;^ which cari be obtained % the oxidation of naph¬ 
thalene: the breaking of a thermometer during an experiment showed 
that mercury sulphate would catalyse the reaction and enormously 
increase its speedy The perfecting of the process took seventeen 
years and is said to have cost the Badische Fabrit mlUion. Within 
a few years there had been far-reaching effects on the Indian indigo 
growers: the export of Indian indigo feU from about 19,000 tons In 
1895 to little more than 1,000 tons in 1913, and a million acres of 
land could then be used for other purposes. 

It is impossible to list here all the new synthetic dyestuffs that 
became a>’ailable before the end of the nineteenth century. It must 
suJhce to mention, in addition to those named, methylene blue, dis¬ 
covered by Caro in 1876, and its derivative methylene green, dis¬ 
covered by Fischer in 1S7S* The first synthetic dye that would dye 
cotton directly was Congo red, discovered by Bottiger in 1884, 
Primuline yellow was first prepared by Green in 1887. 

Before leaving the dyestuffs industry we must mention a very im¬ 
portant change in its structure that took place in the last decades of 
the nineteenth century. Although the first synthetic dye w'as made in 
Britain and the early industrial development of the new- industry 
took place largely there, by 1900 the centre of activity had been 
decisively transferred to Germany. The number of patents relating 
to dyes filed in Britain each five-year period was 20 in i860 and 52 in 
1900: the figures for Gcmaany, for ^e same years, were 8 and 427 
respectively. For this, v^arious reasons have been ad^miced: impor¬ 
tant faaors w ere certainly the greater availabilit)' of raw materials in 
Germany; a better system of technical education, with strong finan¬ 
cial support from the state; and a readiness to use technically qualified 
men in all branches of the business, A measure of the grip that 
Germany had established is given by the fact that, when war broke 
out in 1914, only 20 per cent, of the dyes used in Britain were of 
domestic manufacture, a grave strategic disadvantage; even the 
djxing of military umfonns presented a serious problem. 

EXPLOSIVES 

WTiilc the dyestuffs industry was de\''clopLng, an equally important 
development was taking place in the manufacture of explosives. Until 
the middle of the nineteenth century virtually the only important 
explosive, whether for military or civil purposes, was gunpowder 


EXPLOSIVES 


S47 


(p. 268). This was probably first used for blasting in England about 
1670^ following earlier use for the same purpose on the Continent; 
it was regularly used in Comish mines by 1689, Some of the hazards 
of its use w'erc reinovcd when William Bickford, in 1831, invented the 
miner’s safety fusCn 

Shortly before the middle of the century it was discovered by 
C. F* Schbnbein that if cellulose is treated with nitric add, a highly 
inflammable and explosive product results. In 1846 he came to 
Britain and, in association with John Hall Sc Sons at Faversham, 
began the manufacture of gun-cotton, so tilled because cotton was 
the ocllulosic material normally used^ A disastrous explosion in the 
following year put a stop to this enterprise, and similar unhappy 
experiences on the Gjutlnent led to a general lack of confidence 
in nitro-cellulose. Similar doubts attached to nitroglycerine, which 
A. Sobrero, an Italian chemist, had discovered, also in 1846. It was 
Alfred Nobel who first showed that nitroglycerine could be made 
safe by absorbing it on a kind of clay knowm as kieselguhr: this pro¬ 
duct was known as dynamite^ Although it could be safely handled if 
reasonable care was used, dynamite exploded violently if touched off 
w ith a detonator such as mercury fulminate (p. 549). This discovery 
resulted in a considerable expansion of the high*mxpIosives industry. 
In tS75 Nobel invented blasting gelatine, which consisted largely of 
nitroglycerine with a small addition of collodion cotton; technical 
difficulties, however, prevented the manufacture being established 
until some ten years later. 

The nitroglycerine for these purposes was made by treating 
glycerine—a by-product of soap manufacture — with a mixture of 
strong sulphuric and nitric acii^. This was a hazardous operation, 
as the reaction itself could generate sufficient heat to explode the 
mixture; an essential precaution for success was therefore to keep 
the mixture cool. Originally the manufacture was carried out by 
hand in small batches, but from about 1880 brger-scale manufacture 
began. Hand-stirring was replaced by mechanical stirring or—in 
order still further to reduce the risk of dan^rous local heating—by 
stirring with compressed air. After completion of the nitration, the 
mixture was normally drowned in a large volume of cold water 
from which, being immiscible with w^ter, the nitroglycerine sepa¬ 
rates and can be isolated. As this method wasted acid not used up 
in the process, a later practice was to allow the original mixture to 
settle in tanb until the nitroglycerine separated and could be run 
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off and viTished, the final ^^-ashing being done with an alkaline solu¬ 
tion to remove excess acid. Nitroglycerine ivorks were normally 
built on the sides of hills so that all movements of liquid «>uld be 
effected by gravitj'!, thus obviating the risk of explosive material 
being left behind in pumps. Although all these precautions could 
not make the manufacture of nitroglycerine cnrircly safe* the ha^rds 
ivere vet}' greatly reduced. In Britain the most satisfactory conditions 
for explosive manufacture were codified in the Explosives Act of 
1875, and similar legislation was introduced in other countries to 
safeguard the workers in the industry'. 

Meanwhile the manufacture of gun-cotton was being developcdn. 
This was not put on a satisfactory^ basis until 1866, when Frederick 
Abel showed that its stability depended upon complete removal of 
all traces of the mixture of sulphuric and nitric acids used in its pre¬ 
paration* the only satisfactory means of doing this proved to be 
maceration of the product so that the w^ashing water penetrated it 
thoroughly. As practised at Waltham Abbey^ AbcFs method con¬ 
sisted of first degreasing the cotton with alkali^ and then washing 
and drying it. it was then treated w'ith a mixture of roughly three 
parts of concentrated sulphuric acid and one part of concentrated 
rutric acid* After sc^■c^al hours excess acid was removed eentrifugally 
and the nitrated cotton was washed with a large volume of water. 
It w as then subjected to prolonged boiling with soda solution, which 
removed almost all the remaining traces of acid. Finally^ to ensure 
that no acid remained, the nitro-cotton was reduced to a pulp and 
subjected to further thorough washing. 

As has been indicated, the first uses of the new* high explosives 
were for blasting in mines and quarries, but attention was early 
directed to their use as propellents. As early as 1S46, Schdnbcin 
demonstrated the possibilities of gnn-cotton as a smokeless pro¬ 
pellent for artiilcry* shells. In 1S64 a smokeless pow der for shot-guns 
began to be mode by nitrating w o^, but it w-as not until some twenty' 
years later, w hen Poudre B was developed in France and ballisdte 
by Nobel, that nitroglycerine and nitro-ceUnIose became important 
in the munitious industry*. Poitdre B consisted of approximately 
70 per cent, of gun-cotton made in the ordinary way, and 30 per cent* 
of so-called soluble gun-cotton made by carrying out the nitration 
process witli a higher proportion of nitric acid. Ballistite consisted 
of a mixture of nitroglycerine and soluble gnnncotton, together 
with a little camphor. It was later found that ballistite was liable to 
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deteriorate during storage owing to evaporation of the camphor^ and 
this kd to the introduction of cordite, in which a little petroleum 
jelly vm added as a stabilizer. Cordite ow'es its name to the fact that 
in the final stages of its preparation it was oonverted into a paste 
which w'as forced through dies, emerging in the form of cord, which 
w'as either wound on a drum or chopped into short lengths; P&u 4 re B 
and ballistitc w'cre marketed in the form of flakes. The only other 
important high explosive intren 
duced before the end of the nine¬ 
teenth century was picric acid. 

Although this was know^n as early 
as 1788, almost a century elapsed 
before it began to be used as a 
high explosive for shells, known 
in Britain as lyddite—from Lydd 
in Kent, where it was tested on 
the ranges—and first used in 
action at Omdurman (p. 305): 
it was made by the nitration of 
carbolic acid (phenol). 

All these high explosives differ maicrially from gunpowder in the 
method by which they are detonated. Whereas gunpowder w iU ex¬ 
plode merely by appheation of a naked flame, the detonation of 
nitro-cellulosc and nitroglycerine must be effected by percussion. 
The standard means is to use a percussion cap containing a very small 
amount of a more sensitive explosive: mercury' fulminate made by 
treating a solution of mercury in strong nitric acid w ith alcohol 'is 
normally used (Fig. 274)* This is readdy detonated by the firing pin 
of a rifle or gun and its explosion w'ill, in turn, initiate the explosion 
of the contents of the cartridge* 

SOME ELECTROCHEMICAL PROCESSES 

Having considered two major lines of development of the organic 
chemical industry'—the manufacture of dy'CS and high explosives 
w'e may now return to the manufacture of inorganic substances and 
consider some completely new processes made possible by the de¬ 
velopment of the electrical industry' (Ch. 22)* Here the work of an 
American chemist, Hamilton Young Castner, demands special con¬ 
sideration* Castner began his career, as we have noted (p. 495), by 
devising a new' method for the manufacture of sodium, w'hich he 
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intended ji5 an intermediary formating^aluniinium^ Unfortunately for 
Castner, his aluminium process rendered obsolete* just vihcn 
commercial success seemed secure, by the development, in 1886* of 
an electrolytic process with w'bidi his own could not compete. 
Castner’s only remaining asset was his process for manufacturing 
sodium cheaply* but as the demand for sodium was then extremely 
small, the value of this asset was doubtful. It was not long, however, 
before Gtftncr himself had found new uses for sodium. First, he 
established a process for manufacturing sodium peroxide—a valuable 
bleaching agent, especially for the straw hats dien very' fashionable 
for both sexes—by burning sodium in a current of airn. He next be¬ 
gan to manufacture sodium cyanide by passing ammonia over molten 
sodium; the first product of this reaction was sodamide, which could 
be converted into sodium cyanide by pouring it over red-hot char¬ 
coal. In 1894 he improved on this process by one in which sodium 
cyanide was made in a single stage by reaction between ammonia, 
charcoal, and sodium. After some initial difHculties—arising from 
the fact that the gold-mining industry' was accustomed to the use 
of potassium cyanide—Castner was able to establish a large market 
for sodium cyanide in Australia, America, South Africa, and in 
other countries where the Forresi-hlacArthur cyanide process (p. 494) 
was being applied for the extraction of gold. 

These developments had quite unexpected consequences; instead 
of having surplus sodium, Castner now had difficulty in making 
sufficient to meet the demand. He therefore turned his versatile 
mind to the problem of an improved method of manufacture and 
eventually' concentrated his attention upon making it bj^ the elec¬ 
trolysis of fused caustic soda. Ac first, how'cver, he met with only 
limited success, because of the impure state of even the best caustic 
soda then available commercially. He therefore decided to seek an 
industrial method for making pure caustic soda, and again he turned 
his attention to electrochemical processes. It was W'ell known that 
electroly'sis of brine resulted in the formation of chlorine at the anode, 
and of caustic soda and hydrt^en at the cathode, but there was no 
satisfactory' method of separating the resulting causdc soda from 
unchanged salt. Castner solved this difficulty' by using an electrolytic 
cell in which the cathode consisted of a layer of mercury'; sodium 
released from the brine formed an amalgam w ith the mertrjry, and 
tins m mm reacted with w'ater in a separate compartment of the 
cell to form causbc soda. The mercury w-as made to circulate by 
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means of a rocking device, and the process was made contmuous^ 
periodically replenishing the brine and removing the causne soda. 
This process enabled Castner to make alm^Kt pure caustic soda, 
a product prcviousty unknoiMi to the aikali trade. Tbe chlonnc 
evolved during the reaction was a \’aiuable by-product, for it could 

be converted into bleaching powder. 

In 1894 Castner sought international patents for his proems, but 
in Germany he found he had been antidpated by an Ai^trian 
chemist, Carl Kellner, who had formed a company to work hK pro¬ 
cess near Salzburg and had sold the other European ngh^ts to Sol^^y 
& Company in Brussels. Although it is questionable whether Kell¬ 
ner's process would have been satisfactoiy^ in practice, Costner pre¬ 
ferred to reach agreement with him rather than face prolonged and 
costly litigation. In consequence the two men exchanged their 
patents and processes, and for this reason what Castner invented 
is now always known as the Castner-KeUner process^ 

Two factors were essential for its successful working: cheap and 
abundant electricity and a good local supply of salt. Neither of th^ 
was available at Oldbury, where Castner had first «t up his works, 
and the new company, the Casmer-Kellner Alkali Company, was 
established at Runcorn, in the Cheshire salt area. It began operation 
in 1897, initially producing some ao tons of causne soda and 40 tons 
of bleaching powder daily. In the United States a pilot pbnt was 
established at Saltvillc, Virginia, and the success of this led, in 1896, 
to the building of a much bigger wotIts at Niagara Falls, where cheap 

electricity' was obainablc (p. 6iS). ^ 

Another important application of electricity was in the manufac¬ 
ture of phosphorus, this being in great demand by the middle of 
nineteenth century for the manu&cnire of matches. This element 
had been discovered in 1669 by Brand; until about i S90 the genera 
method of preparing it was to treat either i^es, or some mtnend 
form of phosphate, with hot sulphuric and. This trwtment yielded 
a syrupy solution of phosphoric acid, which was then mi.ved to a 
paste with some form of carbon, usually powdered coal or charcoal. 
The paste was dried, powdered, and then charged into large fire¬ 
clay retorts, ihc necks of which dipped under water contained m 
lonit troughs. When the retorts were strongly heated,_ phosphorus 
disced over and condensed under the water. From this stage on¬ 
wards. great care had to be exercised in the manufaewre as pho^ 
phorus is spontaneously inflammable if exposed to air. The crude 
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material was purified by treatment with sodium dichromatc and 
sulphuric add, and was then soldered into tins for dispatch. 

Its property of spontaneous ignition in air early directed attention 
to the possibilities of using phosphorus for making fire. As early as 
i6So Robert BOyle w'as using sulphur-tipped splints drawn through 
paper impregnated with phosphorus^ but a further century ebpsed 
before any sort of match became at all generally used. In rySo the 
‘phosphoric candle* appeared in France, This consisted simply of a 
strip of paper, with its tip impregnated with phosphorus, sealed in an 
easily broken glass tube: on breaking the glass, the paper quickly 
burst into flames. For the first half of the nineteenth century the 
‘instantaneous light box* was popular in Europe and the United 
States K The equipment consisted of a bottle of strong sulphuric 
acid and a packet of wooden matches tipped w'ith a mixture of 
potassium chlorate, gunr, and sugar. When the splint was dipped 
into the add and quickly withdrawn, it burst into flame. 

The first match of modem type, howev^er, was sold by John 
Walker of Stockton-on-Tces in 1827, The wooden match was 
tipped with a mixture of potassium chlorate, antimony sulphide, 
gum, and starch. These ‘Ludfers* were made to ignite by striking 
them against sandpiper or some other rough surface. In 1831 Charles 
Sauna, in France, reestablished phosphorus in matches by using 
it to replace the antimony sulphide in Walkeris composition. 

Apart from the hazard of fire, phosphorus was gravely dangerous 
to those who handled it because of the highly poisouous nature of its 
vapour: ^e r^uldng necrosis of the |aw' (‘Phossy Jaw'’) w^as first 
characterized in 1835, Great interest was therefore aroused by the 
discovery' in 1845, by ,^ton Schroettcr of Vienna, that if ordinary' 
phosphorus is heated in a closed vessel it is converted into an 
amorphous Ibrm which is neither spon^neously inflammable nor 
poisonous. Schroetteris patent was acquired by Arthur Albright of 
Birmingham, and amorphous phosphorus was displayed at the Great 
Exhibition in 1851. At first, however, the new' form of phosphorus 
proved unsuitable for what it had been hoped would be its main use, 
namely the manufacture of matches. Eventually, however, J. E, Lund- 
strom of Jonkoping, Sweden, soK^ the problem of making ‘safety * 
matches with .■ybnghps product, of which they subsequently bought 
very large quantities. The safety match incorporated amorphous 
^ m the striker on the box, but there was no phosphorus 

in the head of the match. This development led to a greatly increased 
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demand for phosphorus, and consequently to improvements lU its 
manufacture. Gas-fired furnaces were introduced in France, but a 
much more important dev elopment was the patenting of on electro¬ 
thermal process in 1888. In this, an electric furnace is charged with 
a mixture of mineral phosphate, coal, and sand: phosphorus vola¬ 
tilizes and is condensed. The process is a continuous one, a fresh 
charge being added to the furnace as slag is removed. 

AETtFJClAL FERTILIZERS 

In the last half of the nineteenth centur>^ an important new use 
developed for sulphuric acid, compensating for the diminishing 
demands of the Leblanc industry' as it met competition from the 
Sohny process. Superphosphate, made by treating bones or mineral 
phosphate with sulphuric acid, is one of the most important of all 
agricultural fcrdlujers. Although manufactured by James Murray 
in Dublin as early as 1817, the first to establish a large-scale industry 
was John Bennct Lawes who, from 1834 onwards, carried out exten¬ 
sive agricultural experiments on his estate at Rothamsced, where he 
was joined by J. H. Gilbert in 1843. In that year he established a 
superphosphate facioty at Deptford Creek, near London, and in the 
1870^5 was manufacturing some 40,000 tons annually. His raw 
material was at first bones, but as these became increasingly scarce 
and expensive, mineral phosphate was used. 

Superphosphate is a convenient means of supplying plants wath 
phosphorus, one of the elements essential for their grow th. No less 
important, however, are nitrogen and potassium. Today, most nitro¬ 
genous fertilizers are derived from fixation of the nitrogen of the air, 
but until the end of the nineteenth century the principal source wris 
mineral sodium nitratethis occurs in many places, but in indus¬ 
trially important quantities only on the west coast of Chile, w^herc it 
is known as cahehe. When first discovered, these deposits were m 
Bolivian territorvi and they w’crc the cause of the war that Chile 
fought with Peru and Bolivia, ending in 1881 j at one time the tax 
on nitrate exports was 8o per cent* of Chile's total revenue. The 
Caliche is crushed, and extracted with hot w^ater until a saturated 
solution is obtained^ w'hen this is allowed to cool, almost pure 
sodium nitrate crystallizes out. In 1900 production of sodium nitrate 
was approximately 1,35°^'^^ tons, of which the bulk went to Europe 
as an agricultural fertilizer, although by that time the United States 
was already using 170,000 tons annually for the same purpose. Until 
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1S70 the main source of potassium w'as the ash of plants, a reminder 
of the necessit}' of potassium for plant gro\nh. From the i86o's 
onwards, however, increasing quantities of mineral potassium salts 
became available from the ^'ast deposits at Stassfurt. 

OTHER DEVELOPMENTS, iS^O-igOO 

Some other de:\'elopmcuts of the chemical industr)- can be con¬ 
sidered only briefly here. By the middle of the century alcohol was 
being required in increasingly large quantities for industrial processes, 
and the high rate of duty to which it was subj^ect was a serious hin¬ 
drance, In 1S55, however, the Board of Inland Revenue in Britain 
aBrecd to the sale of industrial alcohol free of duty, provided that it 
had first been made unfit to drink by the addition of methyl alcohol^ 
similar concessions for ‘methylated spirits’ w'ere granted in other 
countries* Industrial alcohol was made by fermentation processes 
similar in principle to those used for the manufacture of alcoholic 
drinks. For mdustrial purposes, however, the process of distillation 
had to be modified in order to obtain a nearly pure alcohol: this was 
made possible by the invention of the Coffey still—which remained 
in use for the rest of the century—^by Aeneas Coffey about 1830. For 
technical reasons, it is not possible by disdlktion alone to obtain 
alcohol of more than approximately 96 per cent, purity: if necessarj', 
the final traces of water must be removed by means of quicklime 
or some similar dehydrating agent. 

Methyl alcohol, required for various industrial chemical processes 
as well as for denaturing ethyl alcohol, was normally obtained by 
destructive distillation of wo^; acetic acid, familiar as the active 
principle of vinegar, was obtained at the same time. A residue of 
charcoal vras left in the stills, and this found a use in the manufacture 
of gunpowder. Wood was also a source of oxalic acid, required for 
bleaching, for calico-pTindng, for metal polish, and a number of 
other purposes: it was made by muting saw'dust with caustic potash 
and heating the mixture in iron vessels. The oxalic acid ex¬ 
tracted with hot water from the resulting charred mass. 

The development of the photographic industry (Ch* 23) called 
for increased quantities of l^th bromine and iodine, w^hich w'cre 
alM required for medical purposes and for the manufacture of cer¬ 
tain s)Tithe[ic dyestuffs. Bromine, first Isolated in i8a6, occurs in 
the form of bromides in sea-water and in the Stassfurt deposits : it 
Can be liberated by treating bromides with chlorine, iodine occurs in 
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seaweed and was formerly a by-prodnet of the kelp indust^5^ The 
potassium iodide present in kelp was concentrated by crystallization 
and then treated wJtli sulphuric acid: manganese dioxide was added 
to liberate the iodine^ the mbeture was distilled^ and the iodine con-^ 
densed in earthenware vessels. Towards the end of the century, 
how ever, the chief source of iodine was Chilean caliche, w hich con¬ 
tains recoverable quantities of sodium iodide. 

The growth of the textile industry during this time stimulated the 
demand for alum and caused attention to be directed to fresh sources 
of supply. In Britain the existence of alum-containing shales near 
Guisborough and Whitby had been know n since the fifteenth cen¬ 
tury; the shale was burned in heaps and the alum was extracted 
from the ash. At the end of the eighteenth century it was discovered 
that some of the waste from Scottish coal-mines consisted of an 
alum-containiriig shale and a large w^orks was built in Renfrewshire 
to exploit the discovery, the output of which, together with that of 
another works opened in Stirlingshire in rSra, had risen by 1835 
to 2,000 tons a year. In 1845 Peter Spence, 3 British chemical manu¬ 
facturer, obtained a patent—resulting from an accidental discovery 
—for manufacturing alum by treating burnt shale and iron pyrites 
with sulphuric acid; iron sulphate was obtained at the same time. 
Spence established an alum works in Manchester and eventually 
became the world's largest manufacturer of this important chemical 

SOME CHEMICAL CONTRIBUTIONS TO MEDICINE 

Iodine, like bromine, was required for the photographic industry 
and for making dyes, but an important further use was as an anti¬ 
septic, following the pioneer w'ork in this field by Joseph Lister, 
w'ho was the first to sec the practical significance of Pasteur’s 
discoveries in relation to human infections. Lister himself usually 
employed carbolic acid, obtained by distillation of coal car, as an 
antiseptic. Iodoform, first made in 1822, was introduced as an anti¬ 
septic in 1S7S. 

Lister’s elucidation of the prindpLe of antisepsis enabled much 
greater advantage to be taken of the earlier discovery of anaesthetics. 
Anaesthetics enabled surgeons to perform operations that would 
otherwise have been quite impossible, but death still often followed 
surgical operations not from lack of still on the part of the surgeon 
but through infection of the wound. The history of anaesthetics 
may be said to date from the discovery by (Sir) Humphry' Davy, in 
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I7^j that inhalation of nitrous oside alleviates physiGiI pain: he 
suggested that it might be used in surgical operations, but this sug¬ 
gestion not followed up at the time, although ^laughing gas^ 
parties became fashionable. The use of nitrous oxide in deniistrif' 
dates from 1B44, when Horace Wells, a Connecticut dentist, carried 
out a number of extractions with its aid. A little earlier an American 
surgeon, C. W. Lx>n,g, successfully used ether for a minor operation, 
and in 1846 the success of a surgical operation at the Massachusetts 
General Hospital, in which ether was used, led to its more general 
use, particularly as an anaesthetic in ohsicmcSp For this last purpose, 
however, it w'as not altogether satisfactory, and Long^s search for an 
alternative led to the discovery of the value of chloroform. OpposU 
tion to the use of anaesthetics during childbirth rapidly disappeared 
when John Snow administered it to Queen Victoria at the birth of 
Prince Leopold in 1853, From that time onw-ards nitrous oxide, 
ether, and chloroform became firmly established in medical prac¬ 
tice, and corresponding demands w'ere made upon the chemical in¬ 
dustry for their manufacture. 

The manufacture of ether presented no particular difficulties 
except those resulting from the exceptionally inflammable nature of 
the product. Nitrous oxide w'as made by the cautious heating of am- 
monium nitrate* The normal method, due to Eugene Soubciran, 
consisted of treating alcohol with sulphuric acid: on heating, a mix¬ 
ture of steam, alcohol, and ether distills off* The less volatile steam 
and alcohol arc condensed first, and the more volatile ether passes 
on to a purifier in which it is condensed. Chloroform was usually 
prepared by distilling a nuxture of bleaching powder wuth water 
and alcohol, but the medical need for exceedingly pure chloroform 
led to the introduction of a better process in the 1870's. 

Ether, chloroform, and nitrous oxide arc all examples of anaes¬ 
thetics administered by inhalation. The first lo^l anaesthetic was 
cocaine, introduced by Carl Kolkr in 1884. It is a natural alkaloid 
extracted from the leaves of the coca plant, and initially proved par¬ 
ticularly valuable in the surgery of the eye* At the very end of the 
century a whole series of synthetic substitutes for cocaine was 
prepared. 
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T he textile manufactures have alviTiyiS been given pride of 
plac^ in the history of the mdustrial revolution, as the classic 
example of an industrj^ ^'hich within the space of about two 
generations was transformed and expanded out of all recognition by 
the impact of technological development. The cotton manufacture, 
indeed, w*as doubly fortunate, for the mainly English mventio^ 
which first cheapened the final product were followed immediately 
by the American invention of the saW’^n, which pro^’idcd an 
enormous increase in the supply of cheap raw material Until the last 
decade of the eighteenth centusy' raw cotton was brought to Europe 
either from its ancient home in the Levant or from the British and 
French West Indian islands; the American mainland did not grow 
enough for its own needs. The teeth, brushes, and fan of ^Vhitncj^s 
gin (i793HE>pcrated manually at firswemoved the seeds from the 
cotton-boll so casdy that c\ en short-staple cotton, w hich alone could 
be grown far inland in America, repaid culnvation. Between 1790 
and iSio the output of raw' cotton in the United States rose from 
million to 85 million lb; for good and iU, the reign of Kuig ^tton tn 
the South had begun. When the Gvil W'ar came m 1861, Amcfi^ 
slave plantations were satisfying five-sixths of an ever-incrcasing 
world demand for cotton: Britain took fully 1,000 million lb a year, 
the rest of Europe about two-thirds of this quantit) , and America 
rather more than one-third. 

What did this enormous increase m cotton textiles mean lor 
humanity ? To some extent one form of doth ousted another : 
uniformit)', strength, and elasticity which characterise cotton fibre 
enabled it to compete successfully against linen and to some extent 
silt, while the expansion of the woollen mdustrj' in the nineteen^ 
century', though great, would have been much g^ter but for the 
w'orld-w ide vogue of cheap cotton matenak. Much more important 
w^s the general availability of the new' material. Apart from the few 
rich mankind had never before had access to so plentiful, vaned, 
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and healthy a supply of clothing: for cotton was cheaply manufac¬ 
tured, easily printed and dyed, and readily washed. 

It has been said, however, that Whitney's cotton-gin prolonged 
slaver}' m the United States for several generations: as the number of 
slaves grew from 700,000 in 1790 to 3,200,000 in 1S50, the cost of 
cheap plantatioriKJOtton in terms of human degradation was cer¬ 
tainly great. Long after emancipation had been completed in iS6s, 
many of the share-croppers of the southern states cultivated the 
cotton by the same manual methods as their enslaved fathers for a 
minimum cash rcWi’ard. The British cotton-spinning factories, too, 
were long notorious fur their employment of child labour. In the 
early daj's, small bodies were found aptest for cleaning clumsy 
machiner}', often built of wood^ at all rimes, the need for a large 
number of *piecers' to watch for and tie together broken ends of 
thread made the use of children economically attractive^ In Britain 
the employment of children under nine in textile factories was 
stopped in 1833, but that of ‘half-timers^, older children spending 
one-l^lf of their schooldays in the mill, remained legal until 1918: 
as Britain was the pioneer in factory legislation, conditions in other 
countries can be inferred. On the other hand, by providing outside 
the home large-scale employment suitable for w'omen of any age, 
cotton gave them a new chance of economic independence, and of a 
substandal addition to family earnings. By 1850 the w'agcs, hours, 
and standard of life of adult factory operatives in the industry', which 
then employed one-fortieth of the population of Britain, w ere almost 
oe^inly better chan had been enjoyed by any major group of indus¬ 
trial workers in any prev ious age. 

Finely, the position of cotton textiles as Bricain*s premier export 
trade influenced both international and imperial relations, as in die 
attitude taken to the American Civil W^ar and in the denial of a 
protective tariff to Indian cottons in the rSgo's, 

SPlNNING-MACHlNEEiV, 1760-1850 

The firet successful spinning-machines belong to that same great 
decade of the 1760's, the first of the reign of George III, in which the 
^cMtion of Canada marked Britain*s triumph over France, and 
Watt s first experiments with the steam-engine prepared the way for 
the of the new prime-mover, which was for a time to make the 
whole av^ihzed world the economic fief of the British. Although in 
the earlier part of the eighteenth century' improved processes had 
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been developed, as we have seen, m the traditional woollen indnstr}-' 
and in the luxury manufacture of silk, it is now' appropriate to con¬ 
centrate our attention upon cotton. The elasticity of cotton fibre 
makes it easier than other fibres to spin by mechanical means; the 
fact that it was a comparatively new industry encouraged experi¬ 
mentation unhampered by tradition; and the supply of the raw 
material responded readily to the stimulus of a growing trade. 

Richard Arkwright’s spinning-machine may not have been his 
ow'n original invention, for it is impossible to say how' much he owed 
to the use of roUers by Bourn and Paul (p, 105) work of 

other pioneers less ruthless than himself. If James Hargraves in¬ 
vented his jermy in 176+1 six years before he patented it, then Ark¬ 
wright’s water-frame is almost certainly later, although his patent is 
dated the year preceding that of Hargraves, which was in any case 
invalidated by some previous sales of his machine. Even the name 
water-frame, which came rapidly into use, is misleading, since Ark¬ 
wright’s original specification was in fact for a machine to be driven 
by a horse. Nevertheless, Carlyle was justified when, looting back 
from sdxnty' years later, he called him ‘this man chat had to give 
England the power of cotton*. The spinning-frame required the 
use of much stronger forces than those of the human hand or foot, 
and so it began the factory' system. By producing the first satisfactory 
cotton w'arp it made possible the manufacture of all-cotton goods, 
and led on to Arkwright’s other improvements and contested 
patents, from which Carlyle’s ‘much [nventing barber emerged as 
the prototy'pe of the cotton-spuming capitahsts that dominated Lan-- 
cashire and much else for a century and a half. It was at Arkwright’s 
request that Parliament in 1774 abolished the ban on painted and 
printed calicxi and halved the excise duty on them, which had been 
6d. a yard. 

In Arkwright’s machine (Fig. 275) four horizontal w ooden bobbins 
held the rovings of raw cotton, w'hich had been cleaned, carded, and 
made ready in a slightly tw isted roU for spinning. The roving w-as 
then drawn down through tw o pairs of roUeis, the second of which 
moved faster than the first so as to elongate it, and continued dow'H 
to the bottom of the machine through the arm of a flyer attached to 
a spindle. The spindle also carried a bobbin—the speed of which 
was reduced in comparison with that of the spindle by the primiri%'e 
device of a piece of worsted twisted round its base—on to which the 
spun yam was finally wound, uniform winding being secured, as in 
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some earlier wheels, by pins placed on the flyer* In contrast to this, 
Hargraves^s spinning-jenny, as improved by Haley of Houghton 
Tower soon after its first invention, was a light machine more suit¬ 
able for weft than for warp or the strong hosiery' yam for which Ark- 
wright^s invention was first employ'cd^ In the case of the jenny 
(Fig* 276) the rovings were drawn out, from bobbins placed at the 
bottom of the frame, by pulling back a bar which slid to and fro on 
the upper part of the frame, Tw'o nib were pressed together to hold 

the roving fast w'hile the bar 
was moved farther back and the 
roving was tw'isted by spindles 
placed at the opposite end of 
the frame; the bar was then 
moved forward again, while a 
wire pushed the thread down 
so that it could be wound on to 
the spindles* 

Hargraves w'as a carpenter as 
well as a w'caver, which makes it 
easier to understand how—ac¬ 
cording to tradition—the idea of 
his invention came to him from 
w'atching the continued action 
of a spinning-wheel that hid been knocked over by accident. Samuel 
Qompton, however, the inventor of the mule, was a substantial 
yeoman, though he devoted himself 10 le.ttiks instead of the farming 
of the family lands. Hb home at Bolton was within 20 miles both of 
Preston, the scene of ArkwTight s invention, and of Blackburn, 
where was first produced the jenny that was the basis of his ex¬ 
periments. The work was done betw'een 1774 and 1779, a period 
which he refers to as ^4! years at least wherein every' moment of 
time and power of mind as W'cU as expense which my other employ¬ 
ment would permit w'ere devoted to this one end\ The result was a 
machine, never patented, of which the earliest surviving model is in 
France. One reason why it was not patented is implicit in the name 
of mule , which was ^ven to Crompton^s machine before the end of 
the century because it w'as regarded as a hybrid of the two earlier 
inventions, one of W'hich was strongly defended by existing patents. 
The thread was drawn betw’ecn rollers, as in ArkwrlghFs water- 
frame, but the rollers were placed at the far end of the frame, and 
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there was a carriage, as in Hargravcs*s invenrion, which was drawn 
back at the same rate as the rollers gave out the roving* But before 
the carriage had been drawn back to its fill! extent, the rollers were 
stopped i they' then gripped the material while the carriage went 
back more slowiy and the spindles, which w ere mounted on it, con^ 
tinued to twist. Next the spindles were turned back a little to free 
the yarn, after which the carriage was pushed back and a wire Taller"' 



Fig. 176. spaniiiii|-ienny w improwd by 


guided the yam on to the spindles* The result was that for the first 
time a yam could be spun which was both line and strong. Moreover, 
the fact that the speeds of the tollers, the spindles, and the carriage 
could be varied independently of each other made it possible to vary 
the type of yam at w'ilJ. 

Wiiile the mule w'as still a hand-driven machine, its convenience 
of operation called attention to the problem of improving the pre¬ 
paratory process. Carding-machines were already in existence, but 
Arkwright and others worked hard at their Improvement* By 1785 
he could card continuously' by the use of a cylinder covered with 
card^eeth, from which the cotton was removed by a comb* It was 
then passed under rollers and through a funnel, so that a narrow 
coiled carding fell into a can. To secure uniformity, several cardings 
were drawm from their cans and passed under rollers which united 
them, the resulting sliver being dropped finally into a roving-can, 
which was rotating slowly so as to give the roving the necessary 
twist* The net result was that Arkwright had an almost continuous 
pow'cr-driven process to prepare the rovings for spinning. 
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In 1785^ the year m which the cancelbiion of ArkwTight’s spinning 
patent as unoriginal made thcw^icr-frame a^'ailabletoall^ the balance 
was finally tipped m favour of large-scale enterprise by the erection of 
a Boulton & Watt steam-engine to drive the machinery of a spinning 
factoiy' at Papplcviick in NoitinghamshLre. From 1790 the use of 
steam-power spread simultaneously with, though not at the same 
pace as, the expansion of the cotton industry: in 1S35 about 35,000 
h.p. of steam and io,ooo h.p. of water were being utilized; in 1850, 
71,000 h.p. of steam and 11,000 h .p, of water. The last total is only 

about one-fifteenth of thesteam- 
and water-power used at the 
time of the first census of pro¬ 
duction in 1907, but it sufficed. 
In 1812 the cost of nuking 
cotton yam was one-temh of 
W'hat it had been only one-third 
of a century before; by the early 
1830’s, when factory inspectors 
began to collect statistics, cotton 
exports were not merely four 
times those of woollen goods, 
but they constituted one-half of 
all British exports. It foDowed 
that inventions were for the 
most part made for cotton and later applied, where possible, to other 
fibres. It w'Dl therefore be convenient to continue the story of the 
cotton inventions down to the middle of the nineteenth century be¬ 
fore returning to consider briefly the fortunes of the other textile 
manufactures. 

As might be expected, powder was applied at an early date—‘from 
iSoo oDwards-^o the processes known as willowing and batting 
(Fig. 277)* which opened up and cleaned the tangled fibres of raw" 
cotton Iwfore it was rolled into fleecy masses or ‘laps* to be fed into 
the carding'-enginc (Fig. 278). These machines in turn became brgcr 
and more elaborate, though it was not until after 1850 that the prob^ 
1 cm was Solved of how' to clean the outer half-cylinders (which had 
the teeth on the inside) without stopping the machinery twice a day 
for It to be done by hand. An earlier device to safeguard the w inding 
of the rovings on bobbins—at which stage the tenuous thread breaks 
ver)' easily solved the problem of keeping the winding speed exactly 
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the same as the speed at which the rovings emerged from the roHcrs: 
speed was adjusted by having the bobbins driven separately from the 
spindles through a strap w'hich slid along a conical drum, so pro¬ 
viding continuously \'ariable gearingr There was a rack mechanism 
to stop the machine when the bobbin was Ml, and a differential 
motion to keep the speed of the bobbins constant in rebdon to Ae 
spindles* The differential motion, patented by a Mansfield tinsmith 
in 1S23 and used by Henry Honldsw'Orth of Glasgow to perfect his 
machine in 182:5, had also been patented by an American, Asa 
Arnold, in 1822. This early ex¬ 
ample of American technological 
achiev'ement, like many later 
ones, illustrates the fact that the 
solution to any urgent problem 
might present itself indepen¬ 
dently at the same time 10 
workers in different countries, 
though it is also possible in this 
instance that Houldsw'orth saw' 
a model of Amold^s invention, 
w'hich was brought to England 
in the year of his own patent* 

The increasingly cosmopolitan 
character of the industry is Fio, 17 S, Cardinc-crifiiie it work, f* ifija 
further exemplified in the in- ^ ^ j 

ventlonof a device to make spinni ng continuous with ^rding, instead 
of the can of roving having to be carried from machine to machine. 
This was the woik of a Swiss, J. G. Bodmer, who had lived for many 
years in Lancashire j but Ijmcashirc ignored what America and the 
Continent found convenient* 

A fundamental problem, involving many years of work, w'as chat 
of rendering the mule fully self-acting. By iSoo John Kennedy, a 
Manchester spinner and machine-maker, had solved the problem to 
the extent that the outward journey of the carriage, including the 
change of speed, w'as controlled automatically and only the winding- 
on was done by hand* But the operation still required a skilled crafts¬ 
man, with the result that the important spinners strike in 1824, 
just after the repeat of the Combination Laws, caused the problem 
to be put to Richard Roberts, a machine-maker in Manchester who 
had worked with Maudslay, He and his partners spent £12,000 on 
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his second patent (1830), and the profits for the first nine years 
amounted to no more than £7^000, with the result that in 1839 the 
patent was extended for seven years; there were also rival inventions. 
But Roberts’s machine was fully self-acting and might w^ell be 
acclaimed as almost perfect. In spite of its success, however, at 
mid-century the finer counts were still being spun on the older type 
of hand-mule, W'hich had been improved by a coupling system, so 

that one spinner could CDontrol up 
to 1,200 spindles. Secondly, a new 
form of water-frame, called the 
throstle (Fig. 279), came into 
existence after 1815 to meet the 
need for a strong yam for use 
in power-looms; an improved 
American version of this, known 
as Danforth’s frame, with a re¬ 
volving conical ca p over the 
spindle to conduct the thread to 
the bobbin, produced a softer 
cotton yam, but it was more 
w asteful. FinaQy, in 1828, John Thorp of Providence, Rhode Island, 
invented ring-spinning, but this did not make its decisive impact 
upon the industry' until after 1S50. 

IMPROVEMEfJTS IN WEAVING 

Meanwhile, the great growth of the cotton industry had likewise 
involved great developments in w'eaving; as compared with spinning, 
how'ever, the improvements were less overw^helmingly associated 
with cotton. Thus the main further development in the hand-loom 
was the introduction of the Jacquard loom in silk-w^caving, the only 
other significant improvement being the addition of a device to take 
up the doth on the beam automatically; this w'as patented in 1S05 
and came into widespread use for all hand-wmen textiles as the 
dandy loom. But the fact that the invention of the powerToom 
sprang from the needs of the cotton industry is made dear by the 
pioneer inventor himself. Straying from his Leicestershire rectory 
to the TOtton-spinning valley of the Derbyshire Derwent, Edmund 
Cartwright Tdl in company with some gentlemen of Manchester, 
one of whom observed that as soon as Arkwright’s patent expired 
so many mills would be erected and so much cotton spun that hands 
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could never be found to weave This chance encounter in the 
suminer of J784 engaged the attention of an active mind—Cart- 
wTight was accustomed to doctor his parishioners as well as preach to 
the result was a scries of patents progressing towards the 
solution of the problem. 

CartwTight himself considered that he completed his invention in 
1787, in which year he set up a factory of his own at Donc^ter, but 
it was in 1791 that a Manchester tirm introduced it experimentally 
into the cotton industry, only to 
have their factor)' burned down 
for their pains. The Doncaster 
venture was also closed a couple 
of years Utcr, when the inventor 
himself w'ent bankrupt, but Cart- 
w right had show n theway, though 
with a very imperfect machine* 

The action of the shuttle, 
which was driven by a spring, 
was tCMj sudden; the single-shaft 
drive w'as found to be too harsh j 
and the mechanical provision 
for sizing the warp—which the 
hand-loom w'eaver could do as 
nccessar}'—was not very satisfactory. Consequentiy there was a 
period lasting to the end of the Napoleonic wars in which the power- 
loom continued to be experimental and hand-looms were still very' 
w idely used {Fig. a8o): a quarter of a century after Cartw right ^t up 
his factor^^ at Doncaster there were only 2,400 power-looms m the 
whole of Britain* But in the rSao’s the number multiplied tenfold, 
while in 1850 the cotton industry employed almost a quarter of a 
million power-looms and probably no more than one-fifth that num¬ 
ber of hand-looms* By then the power-loom w as also predominant 
in the worsted branch of the woollen industn', which makes unfullcd 
cloth from long, combed wool (p. 96); this, though tabng its name 
from Worstead, in Norfolk, had been largely developed m the West 
Riding of Yorkshire by big capitalists who favoured specialization 
and had ready access to both swift streams and coal. 

The first major improvement was a machine, invented m 
which laid the size on to the warp by rollers, brushed it in, and dried 
it wmh 3 current of hot air. This remained m use for half a century, 
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but in i8j 9 an alternative method vi'ZS devised^ by which tapes: made 
up of warp threads were passed through a trough of size and then 
dried by passing them round heated cjdinders. Meanwhile, in 1813 
William Hoirocks of Stockport devised a power-loom in w^hich the 
speed of the batten was \'aried to suit the period that it was desired 
to allow for the passage of the shuttle through the shed. About ten 
years later it proWded the basis for a standard tj^pe of loom con¬ 
structed by Richard Roberts. In this machine the batten moved 
twice (that is, to and fro) for each movement of shed and shuttle; 
the two latter w^ere w’orked by levers; and there was a special device to 
control the instant at which the shuttle began to move. In the event of 
the shuttle being caught in the shed, its failure to enter the shuttle- 
box resulted in an automatic stoppage, but there was no provision to 
stop the machine if a w'eft thread happened to break* In the following 
twenty years a scries of improvements gave the drive of the shuttle 
exact force, added a stop-mechanism for weft breakage, and pro¬ 
vided for rough-surfaced rollers at the sides, which kept the cloth 
properly stretched as it was w'ound on to the cloth-beam. 

Roberts was also partly responsible for perfecting the application 
of the power-loom to fancy fabrics. The raising of the different sc& 
of warp threads was contrived by using wheels with projections 
which caused the appropriate healds to be Med by levers. By 1838 
eight changes of pattern could be worked in this w ay, and eight years 
later Squire Diggle of Bury' mechanized even the drop-box—the 
device which the hand-loom weaver operated in order to get wxft 
of different colours! plates of different thicknesses were carried on 
an endless chain, and the thickness of the plate determined which 
shuttle was brought out of the drop-box. However, in the iS3o's 
power-driven Jacquard looms (p. 57^) bad begun to be introduced 
from the silk industry into the m^ng of worsted* The superior 
quality of the Jacquard system made it certain to triumph in the end, 
though up to 1850 even its cheaper form, the ^dobby', was not found 
cheap enough for the cotton industry* 


SPREAD OF TEXTILE MACHINERY, TO 1S5O 

Although there is hardly an example of a textile Invention w'hich 
has not been applied to more than one of the main textile industries, 
a review of the position which they had severally reached as regards 
power-weaving by the middle of the nineteenth century illustrates 
how various were their needs. The cotton and worsted noanufac- 
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turcs had m the main adopted it, as we have seen. In the mating of 
woollen cloth other than worsted, however, the thread 
fragile to allow the shuttle to move foster than it already did m the 
hand-loom, so it was not until the pow cr-loom reached an adv^wd 
state of development in the iS4o's that its use began to sprrad. By 
way of contrast, wt find that in silk-weaving power had been brought 
even into the cottage industry’, and that Covcntiy' in 1832 presented 
the striking spectacle of rows of cottages backed by stcam-cngincs* 

In the case of linen, the yam .. _ _ 

was inelastic and the warp could 
not be subjected to the scrain 
which was normal to power- 
loom operation’ consequently, 
it was not until after iS5'0 that 
the problem of adaptation was 
seriously attacked. 

The successful power-spin¬ 
ning of linen thread from flax 
depended primarily upon the 
earlier processes of hecUing and 
drawing. The hcckUng of the 
bundles or stricks of flax so as 
to separate the long fibres of 

‘line’ from the shorter ones of , ■ , ■ 

•tow’ was extremely difficult to mecbsnke for each smelt tequ^d 

to be combed on both sides in nirn and then m 

tion. A successful machine was produced by a Frenchimo, Philipp 

de Girard, in 1832, and improved subsequently in EngUnd.petlu^ 

bvAemechanie who brought it over; butthereweresimiUrirachm« 

of English origin (Fig. 281). Thestiick was pla^ 

tical sLets of combs which moved in opposiK ih! 

the tow upon brash cylinders at the bottom of the machinCj^whilc the 

holder fr™ which the strick was suspended mov^d up ™ 

as to help the teeth to penetrate deeper into the fhx. But in 1850 all 
Hax for fine pm was stiU hecUed by hand. The fine dust which the 
preparation of Bax released into the air caused so much pulmona^ 
disrase that British recruiting officeis were at one tune forbidden to 
enlist recruits who had worked in flax mills. 

Once separated, the short tow could be spun like cotton, but *c 
line required very caiefol preparation if the yarn was to be uraform. 



Fid 33 i. HoAlinff-madunc in use m 
Engbiniiit t- 1850 
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The earliest piitent for using Arkwright’s machinery to spia line 
dates from 17S7: the rollers were placed farther apart thao for 
cotton, the flax was pressed with hea\y weights, and the natural 
gum was softened by passing the thread over wet doth during 
spinning. Only three years later Matthew' Murray, working for 
John Marshall of Leeds^ patented the use of tight leather straps, 
between which the flax was draw n out to pass under a loaded roller. 
This method avoided wetting the thread, and the product proved to 
be more elastic, though not so strong and silky in appearance* In 
1810, however, a prize of a million francs, offered as part of Napoleon’s 
policy of stimulating the French textile industries, led de Girard to 
suggest three improvements in the preparation. He was too hte to 
win the prize, but his processes were in part adopted and developed 
in Britain, De Girard proposed that the fibres should be soaked in 
a hot alkaline solution both before draw ing and immediately before 
they w'Cnt to the spindles; the actual drawing w^ to be done by 
passing the material, when dry', through combs or gills. Gill-draw'ing 
was taken up in England in 1816, the combs being fixed to revolving 
cylinders which w'ere placed between the drawing-roUers in such a 
way that the fibres were drawn faster than the movement of the 
combs. A steeping process, not unlike de Girard’s, also came into 
use by the 1840’s, though hot water was used and not alkali. 

The w'orated branch of the w'ooUcn industry' has a history' parallel 
w'ith that of linen thread, since it was the preliminary process, the 
combing, which proved most difficult to mechanize. The first at¬ 
tempt to solve the problem was made by Cartwright in 1792, using 
a circular r^'olving comb from which the long fibres or ‘top^ were 
carried off into a and a smaller cylinder-oomb for teaming out 
short fibres or ‘noils’, which were taken off by hand. The first suc¬ 
cessful machine was, how'ever, one patented in Britain in 1S27, but 
^inly of French origin. This used two circles of combs working 
into each other, W'ith drawing-rollers to carry off the top, while 
the noils were cleaned from the teeth by hand. This machine w'as 
sdll in use in England in the middle of the century', though by that 
nmc a third system had been developed more or less independently 
by Josue Heiltnann of Alulhouse, France, and by G. E. Donisthorpe 
and S. C. Lister in Bradford, Heilmann, it may be noticed in passing, 
made his invention originally for the combing of fine cotton: this 
method used a nip to hold one end of the sliver that w'as being 
combed, two or more combs to carry out the process thoroughly. 
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and a brush cylinder and knife to dear the noils- In contrast, the 
machine^spinning of v^'orsted presented few difficulties. To begin 
with, Arkwright's machinery was used, w iih the rollers at a greater 
distance from each other to suit the greater length of wml fibres. 
At a bter period, however, the throstle was used for spinning in 
England, and the mule in France, a divergence which enabled the 
French to produce the finest w^orsted. 

The carding-engine to prepare the short wool for cloth began to 
be power-driven in the early 1770’s in Yorkshhe, where ivatcr- 
powcr w'as generally available. This W'as done according to the 
method patented by Daniel Bourn, with c>Undcrs working against 
each other. Later there was a double process: the first carding- 
machine '^scribbled* the wool, which came off as a fleece, and the 
second, using parallel stnps of card, made it into flat pieces a 
yard long, which were then rolled by means of a corrugated roller. 
About 1822 John Goulding of Massachu^tts succeeded in making 
carding and the preparation of the roving into a continuous process, 
but although hJs machine appeared in France and Germany in the 
1830*3 and had been patented in Britain, virtually no use was made of 
it on this side of the Channel: instead, the rovings continued to be 
prepared on the hand-machine known as the billy. The spinning of 
wool, too, continued to be often performed on the jenny, long 
the mule had been adapted for the purpose by removing one pair of 
rollers, at Leeds in 1S16. Indeed, the self-acting mule w'as not used 
at all until w ell after 1S50. 

As regards doth-finishing, the gig-miJI—nominally illegal under 
a statute of Edward VI—continued to arouse bitter opposition, 
especially in Yorkshire, where its destruction was one of the main ob¬ 
jects of the Luddites in 1S12, and hand-raising of the nap, perhaps in 
conset^ucncc, still survived in 185°- Some of the newer patents pro¬ 
vided for raising the nap by means of ivire cards, which might prove 
cheaper and more durable than the tea^e (p. natural 

material continued in use and, indeed, is still growm in SomersCT* In 
1 8 o 3 the gig-mill was cicportcd from England to France. Machinery 
for nap-shearing, on theother hand, begins with Delarochc of Armens, 
who used pow er to operate several pairs of shears simultaneously. 
The first English patent was granted only three yeare later, in 1787, his, 
but until the great post-w ar depression the Luddites and similar de¬ 
monstrators caused it to be less widely used in England than in 
France. The first rotary^shearer was invented by an American, Samuel 
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Dorr, and wa5 introduced into France in iSi2^ but did not Hourish in 
England until rather later, although patented in 1794" the machine 
Vf-^s drawn over the cloth, and operated rather after the fashion of the 
modem lawn-mower. By 1850 hand-shearing was almost extinct. 

In spite of the fact that Loinbc*s silk-throwing mill at Ekrby 
(p. 100) preceded the first cotton-mill by over flft)" years, the silk 
industry was not immediately caught up in the wave of industrial 
progress- Few improved machines were introduced in Britain undl 
the relaxation of duties in 1S26, and even after that the Piedmontese 
were still using the same type of machine as Lombe had copied more 
than a hundred years before. In 1S25 John Hcathcoat patented a 
cocoon-reeling machine, but the main development was in the use of 
unreelable silk from damaged cocoons and similar sources. Such 
material could not be thrown, but it could be dc^gununed by a 
steeping process and then spun j by the middle of the eighteenth 
century its hand-combing and hand-spinning was an established 
cottage industry' in England. In 1792 the spinning of waste silk was 
begun on the model of the cotton-spinning facloiy, the silk fibres 
being first chopped up into shorter lengths corresponding to those of 
cotton. In the 1830*3, however, the machinery of the flax-spinner 
was adapted for spinning the longer fibres of silk, and the cutting 
of the fibres was then discontinued in favour of carding or combing 
them into separate groups according to length. 

The silk industry, how^ever, was associated w'ith a most important 
step in the mechanization of the loom, namely the advance w'hich 
eliminated the use of the draw-boy in operating the apparatus of the 
draw-loom. It was natural that the weaving of patterns should be 
a special feature of the luxurious fabrics of silk. It was, and still is, 
a characteristic French luxury trade, while Napoleon Ts personal 
interest in textile developments helps to explain the fact that what 
J. M, Jacquard invented in i8oi was applied within eleven years to 
11,000 draw-looms. 

In relation to earlier inventions, what Jacquard did was to com¬ 
bine needles w ith hooks, change the perforated cylinder into a per¬ 
forated prism, and—most important—-provide a lifting-mechanism 
(known as the *griffe'), which the w^eaver himself operated with a 
treadle. This apparatus, which was fixed above the loom, had a 
number of wire hooks suspended from it, to w'hich the neck-cords 
holding the warp threads were attached. Each hook passed perpen¬ 
dicularly through the cjt: of a horizontal needle, one end of which 
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protruded through a frame and was kept in its normal position by a 
spring. Any perpendicular hook thrust aside by the needle missed 
the bars in a framc^ which would otherwise lift the hook and attached 
warp threads. The face of the prism pressed apinst the ends of the 
needles, but was perforated in such a w'ay that the pressure was 
effective only w'here the perfora¬ 
tions placed on the card over the 
face of the prism were incomplete. 

Each time the treadle moved, the 
pattern of perforations on the 
card changed and the w'eft 
passed through a correspondingly 
changed series of warp threads. 

The Jacquard machine did not 
appear in England—at any race in 
any quantity—until the 1820's, 
w^hen an English improvement 
made the harness more compact* 
so that it could be used in the 
cottage industrj' as well as in fac¬ 
tories. By 1832 there were some 
600 Jacquards in Coventry^ by 
1850* power-looms in the British 
silk industry, which numbered 
only 309 in 1835* had grown to i*i+i, and it may be supposed that 
these were nearly all of the Jacquard type (Fig. 282). 

HOSIERY AND LACE-MAKING 

Before tracing the further history of the mam textile industries in 
the second half of the nineteenth century, it will be convenient briefly 
to consider developments as a whole in the ancillary industries of 
hosiery* and lace-making* both of w hich w ere by igoo rnadiinc 
industries of considerable importance, while hiMiery' was rapidly ris¬ 
ing into its twendeth-oentury position as the third among the British 
textile trades. The two industries are closely connected; indeed* 
machine-made lace grew out of the older frame-knitting industry in 
Mottingham at a time of depression in its staple trade of cotton and 
silk hosiery. They are parallel also inasmuch as each of them is a 
w^y of making up thread into fabric otherwise than by interweaving 
_^the looping process of the knitter and the thread-twisting of the 
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laci^'inakcr* Their history after 1750^ however^ prcscQts a remarkable 
contrast. Knitting, which ever since Elizabethan times had been con¬ 
ducted by means of an intricate machine^ the stocking-frame (p. 106), 
was only slowly adapted to the use of power, and as late as 1870 the 
majority of hosiery workers were engaged in hand-work at home or 
in small workshops. Lacc-mating, on the other hand, became con¬ 
centrated in power-driven factories at a comparatively early stage in 
the industrial revolution. Lace may therefore be considered firstn 
It w'as John Heathcoat, a framesmJth attached to the hosiery in- 
dustT)', who, in 1809, about tw'enty years after hosier)' frames had 
been adapted for lace-making, introduced the hist satisfactory 
machine, which made bobbin-net by the use of thin brass disks, 
between which the thread was wound. As they passed through the 
w'arp threads, which were arranged vertically, the latter were moved 
to each side in turn, so as to twist the bobbin threads round the warp 
threads. The bobbins were in two rows, to save space, and jogged on 
carriages in grooves along a bar running the length of the machine. 
As the strength of this fabric depended upon bringing the bobbin 
threads diagonally aaoss, the machine had to provide, in addition 
to the forw ard movement, for a sideways movement of each bobbin 
ever)' time the lengthwise course was completed. A high standard of 
accuracy in construction was essential for success, which helped to 
preserve for Nottingham its bng-condnued supremacy in the build¬ 
ing of lace-making machinery. Of more immediate interest is the 
fact that such a machine, even though it at first wove only narrow 
lace, required considerable strength as well as great skiU in the 
operator, who had to work eight handles and tw'o treadles. Thus 
there was every incentive to use power, and the mechanical problem 
was solved in the main W'lthin ten years: Heathcoat, for example, 
used the waters of the Exc to run the disused woolLcui factory at 
Tiv'crton, his Intended removal to w'hich provided a motive for the 
destruction of his premises at Loughborough by the Luddites in 

Not content w’ith the rapid change--ovcr from pure handicraft to the 
use of a pow'er-driven machine within a single generation, lacc- 
makers proceeded to elaborate their machinery so as to imitate the 
more complicated forms of hand-work. Another framesmlth, John 
Leavers, brought out a variant of Heathcoat’s machine in 1813, 
which was better adapted for making patterned lace because it used 
only a single row of bobbins, Heathcoat, as we have noted, had used 
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cvvo sets of bobbins to save space, but Leavers obtained the help of 
a watch-maker to manufacture bobbins and carriages that were half 
thethicknessof Hcathcoaes. In 1821, howe%cr, Leavers emigrated to 
the north of Frances where the industry had already been established 
for some years through an illegal cross-Channel traffic m artisans 
and machinery'. But it was in 
Nottingham twenty' years later 
that Hooton Devciill made the 
first fully successful application 
of the French Jacquard to lace- 
making. It then became pos¬ 
sible to reproduce most of the 
traditional patterns of hand¬ 
made lace in both narrow and 
wide pieces; vibrations caused 
by steam engines used for power 
ceased to be a cause of damage, 
as in the case of the original 
Leavers machine; and with the 
adaptation of the original bob¬ 
bin-net machi ne to the making of 
curtains, the industry was folly 
equipped for rapid expansion, 

until neither w indow nor petti-- r t.- a i 

coat was complete without its adornment of machme-rnaae lace. 

The stocking industry, meanwhile, had made what might seem a 
promising advance when Jededbh Strutt, later the partner of Atk- 
wTight, solved the problem of producing ribbed hosiery by placing 
a row of vertical needles between the horizontal needles of the stan¬ 
dard Lee machine. This was in 1758, 't did not lead to any solu¬ 
tion of the more delicate problem of adapting the needle, sinker, and 
presscr-mechanism to the use of power. Moreover the prejudice 
which the Nottinghamshire Luddites of 1811 showed against a type 
of framew ork knitting--for making garments cut from straight pn^es 
of fabric with no selvedge^which savoured of mass produaion, 
must have lent force to the argument that the introduction of power 
was unneocssary' in a handicraft industry (Fig. 283) which 
overcrow ded and extremely localized: the villagers of the last h^d- 
lands took very' low w^ges and had no prospect of alternative employ¬ 
ment. Thus little came of a machine invented by the elder Brunei 
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)n i 8 i 6 , which had the aeedLcs arranged in a circle^ 50 that the 
turning of a handJc produced a straight tube of fabric-—a product 
ob%'iously inferior to the fully fashioned stocking. 

In the iS4o''s, however, the possibilities of the power-driven cir- 
cubr frame began to be appreciated in both Germany and England, 
and at this time two important inventions were made by Matthew 
Townsend of Leicester. One w^as for a circular rib-frame, enabling 
a non-fashioned seamless hose of reasonable elasticitj' to be put on 
the market. The other was the device of the latch needle, the hinge 
of which was opened and closed by the threads, so that no presscr 
was required for knitting the coarse fabrics for which this t>^ of 
latch w’os suitable^ Then came a series of attempts to apply powder to 
the flat frame, which produced the fully bshioned work. This 
culminated in the w'ork of William Cotton^ who in 1864 invented a 
machine that proved to be adaptable to the mating of a dozen or 
more hose simultaneously and to the knitting of fashioned garments 
of ail kinds. Cotton, who was originally employed by a Lough* 
borough firm^ was one of the first speclali^i^d hosieiy^-machine 
builders. In 1890 America followed this up by developing a type of 
seamless hose that required only a small seam across the toe 10 
finish it, and that compensated to some extent for the fact that it was 
unfashioned by having loops of \'arying size so as to make the lower 
part of the leg tighter than the upper. 

But the main line of dev'elopment lay in meebanizing the process 
of seaming the garment after it left the knitting-machine. The power- 
driven sewing-machine provided the solution, and in 1887 American 
inventor^ developed a tw'o-thrcad machine, working at the rate of 
3,000 Sti tches a minute, which provided the secure and well-trimmed 
seam needed to prevent knitted garments unravelling. 

THE SEWING-MACHtNE 

The sew-ing-machine stands by itself as an invention which, though 
not directly concerned with any of the traditional textile processes, 
in the second half of the nineteenth century did more than any 
speeding-up of those processes to extend the usefulness of, and en¬ 
hance the demand for, textile products. It also stands apart because 
It was the first major ^nsumer appibnec. \\TiiIe some of its special 
applications brought into the factory nevi' industries remote from 
the textile trades—^hoe-making and bookbinding arc examples—its 
proper place, like Victorian w'oman*s, was in the home, and it was the 
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housewife whose yearly stint of work was revolutionbed* Tt is sig¬ 
nificant that all the main invenrions were made in the United States 
of America in the pioneering da>"Si when women had much w ork to 
do outside the home as well as many tasks within it 
The sewing-machine does not imitate the process of hand-sew ing 
but makes a special kind of stitch, the lock-^titch, by the use of a 
double continuous thread and a special type of needle, in w hich 
eye is near the point, A Massachusetts mechanic, Elias Howe, in¬ 
vented the lock-stitch, but his machine could sew only straight seams 
of limited length. The toothed 
plate that moved the material 
forward after each stitch and 
made it possible to turn the 
cloth {so as to form a curved 
seam) was the idea of a Michigan 
cabinet-maker, but it was Isaac 
M. Singer, with a small shop in 
Boston, Massachusetts, who in 
1S51 produced the first practical 
domestic sewing-machine (Fig, 

284). This was the first machine 
to have a straight needle; it also 
had an adjustable presser-foot 
to hold the material in place 
when the needle moved up¬ 
wards, and was worked by a 1 ■ 1 

foot-treadle. The alternative chain-sdteh was invented m the same 

year. 

In the same decade a big sewing-machine industry sprang u^n 
the United States, and Germany foliow'ed suit in the 1870 s. 'nic 
fact that the s>'Stems of instalment purchase and of sale and serMce 
began in this connexion shows how heavw the demand was for home 
use, while the invention of a shoewsewnng machine in iS6i and of a 
welt-machinc ten years later shows how readily its use spread beyond 
the field of textiles. In the textile trades themselves it came into use 
wherever fabrics were stitched or seamed, and by 1859 the band- 
knife had been adapted from the band-saw' of the furoiture industry 
to cut through the many thicknesses of cloth rCQuired for the re¬ 
petitive work of the ready-made clothing industry', which rapidly 
expanded. By 1S80 there were special sexvlng-machmes that could 
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move along the surface of a caqjcr, and by the end of the century 
America had a blmd-stitching machine designed to stitch half-way 
through the thickness of the matcriaL 

THE TEXTILE INDUSTRIES* iSSO^I^OO 

In the hLstory of the textile industries proper, the period 1850^ 
1^00 produced no technical changes comparable in importance to 
those of the earlier industrial revolution, or ev^en to the sewing- 
machine^ Indeed* some of the most important de^'etopments in tex¬ 
tiles sprang from events of a non-technological character. In the 
case of the silk industry there was the serious outbreak in 1853 of 
the disease p^hrirify which in a do^n years reduced the output of 
sUk cocoons in France to less than one-sixth of its former weight. 
Louis Pasteur then bepn his invesdgadon into the causes of silk¬ 
worm disease, and after three years isolated the bacilli of and 

of another disease of silkworms, and pointed out that their spread 
was encouraged by the unhealthy condidons in which the worms 
were reared. The need for proper vendbdon and cleanliness had been 
demonstrated by an Italian investigator half a century earUer, but 
the shock of the disaster caused the general adoption of Pasienr^s 
proposals* which largely restored the prosperity of the natural silk 
industry in Italy and France* though the Far East had meanwhile 
regained its ancient posidon as the main producer. Even more re¬ 
mote from technology was another major event of the 186o^s* namely 
the cotton-famine resulting from the Federal blockade of the South 
during the American Civil War, It was then that the cotton industry 
finally discarded the hand-loom W'caver, while every one of cotton*s 
rivals, excepting silk* received a natural impetus towards increased 
mechamzation. The silk industry in Britain w'asat that time languish¬ 
ing under the efFccts of the Cobdcn-Chcvalier treaty of i860, which 
enabled French silks to come in duty-free. But the long-term result 
was the adoption of improved^ — or at least more prohtable—^ilk- 
making techniques from abroad. 

The spinning of long-fibred silk waste, though envisaged in the 
early pact of the century* depended for its success upon the inven¬ 
tion of satisfactorily economical methods for dressing or combing 
the silk waste p as to separate the long fibres. A steam-driven silk- 
or^^g michine* of circular design, had been patented by Bauwens 
and Djdclot in F^ce in i8zi, and continued in use throughout the 
century, A combiug-machine for silk was invented in 1859 by the 
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Brirish wool-combcr S. C Listcf, but this rejected too much of the 
expensive fibre, and it is-as not until 1877 that he invented a satis¬ 
factory self-acting silk-dressing machine. This carried combs and 
cards on an endless belt, caused the teeth to penetrate more deeply 
into the tufts of silk as the action proceeded, and collected the shorter 
fibres on the cards so that separate drafts of different qualities could 
gradually be accumulated. A similar machine had been invented in 
Alsace t\^'cnty years earlier by de Jongb, from whom Lister may have 
derived his ideas. In any case, by 1890 Lister's machine had been 
abandoned in Britain in favour of a Oat dressing machine, while the 
Continent was still using chiefly the circular form. 

The other main change w^ quite clearly of continental origin. In 
1857 it was discovered by accident at Krefcld, on the Rhine, that 
preliminary treatment of silk w ith certain metallic salts before dye¬ 
ing made the product both more lustrous and much heavier* In the 
case of some spun silks, it proved possible to increase the weight as 
much as ninefold, and when applied in moderation the practice could 
be defended as improving both the feel and the appearance of the 
product. British dyers imitated die practice from their French and 
Oerman rivals^ a report on the industry' in Britain published at 
Manchester in 1885 says: The dyer's chemistry' is almost wholly 
needed nowadays for the weighting of silk, and not for the dyeing 
of it/ ^ ^ 

In the other textile industries, the only parallel to this weighting 
of silk is the introduction of the ‘mercerizing' of cotton. John Mercer 
was an ^Inglish calico-printer and dyer, who in the middle of the 
century' patented the treatment of cotton with caustic soda, the effect 
being to render the fibre more elastic and more readily dyed* The 
fact that caustic soda {p. 550) was still expensive, and that a 20- 
25 per cent, shrinkage of cloth occurred in the process, prevented 
Mercer from having any commercial success, but in 1895 the pro¬ 
cess was taken up again by' the Krefeld dyers, R. Thomas and E* 
Prevost, first for yarn and then for piece goods; they found that 
when the mercerizing was done under tension the result was a per¬ 
manent gloss not far inferior to that of S“pun silk. 

If cotton could be made competitive with silk by improving the 
finish, w ool could likewise be made competitive with cotton by alter¬ 
ing the basis of the raw- material This w-as done by the use of rag- 
wool made from old wooUens, a substance which w'as first woven 
into ‘shoddy' to meet the demand for uniforms for the Peninsular 
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War* By the 1830^5 the rag-tearcr or ‘devil’' had been equipped widi 
teeth instead of the origiiwJ blades, so that it was capable of tearing 
up the better qualities of doth, which could be manufactured into a 
superior product called ‘inungo*, a name whose origin is obscure. 
But it was not until the 1850*5 that the use of stronger teeth in ^e 
devil, as well as the developTUcnt of an add process for removing 
the cotton fibre from mixed fabrics and the increasing populanty of 
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the dust and refuse from the shoddy industry' as an agricultund ferti- 
liacr, made shoddy a big factor throughout the woollen (but not 
the worsted) industr)'. It was then that part of the West Riding of 
Yorkshire ‘rose on rags to riches** By 1S80something like 40 percent, 
of the British woollen industry*s raw material came from Ats source, 
and the fact that new wool was less in demand as a raw material 
meant that goods made from it also became rather cheaper. 

In the preliminary textile processes, the key event was the long- 
debyed triumph of machtnc-coinbing, whi^^ took place in the 
1850*5. The HeiLmaim comb, it is true, dates from 1845* but its use 
did not spread into the English worsted industry' to any great ex¬ 
tent. It served best for the combing of very short wools and of 
cotton; it was therefore used on the Continent for fine wook, in 
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Lancashire as well as ALaoc for fine cotton^ and also in the Bcifasc 
linen industry. But the machine that gave new life to the Yorkshire 
worsted industry was the Lister-Donisthorpe nip machine of 1S51J 
which was elaborated later and safeguarded by Lisier^s determination 
in bujing up rival patents. Its final triumph came with the ex¬ 
piration of Lister^s monopoly in the iS&o^s, and by the iSSo^s it was 
even being used for short-fibre w™ls* In its fully developed form 
(Fig. 285) the circular horizontal comb enclosed tw 0 smaller comb- 
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rings, the fibres were drawn through pins in each of the smaller 
circles, and the protruding hops' were taken off by vertical drawing- 
off rollers, while the inner pins held the ‘nods' for removal at a later 
stage. 

In the case of spinning, the principal development of the period 
was the increasing use of the American ring spinmng-fiame (p. 564), 
even in Lancashire, while it completely dominated the American 
spinning mills, w hich by 1900 had 42 per cent, of the capacity of the 
British. It worked faster than the throstle, and in the iSfe's began to 
compete w ith the mule. Its advantages were that it wound and spun 
continuously and needed only unskilled labour, its disadvantage 
that it produced yam with too much twist for fine w efts. In its de¬ 
veloped form the ring spinning-frame (Fig* 286) consisted of spindles 
revolving in the centre of stationary rings, w'ith a light C-shaped 
traveller in place of the flyer. By drawing the traveller round the ring 
as it passed through, the yam was twisted, while the vertical move¬ 
ment of the ring built up the ‘cop' or conical head on the bobbin. 
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Weaving, wliJch was far less mechanised than spinning in 1850, 
underwent correspondingly greater development in the next half- 
century, though hand-loom weaving survived on the Continent on 
a considerable scale for at least a generaHon after its virtual demise 
in Bntain, The power-loom did not predominate in cither the cotton 
or the woollen industry of France or Germany before the iSSo^s, 
and at the dose of the decade Kjcfeld resembled the French silh- 
weaving district round Lyons, in, its four-fifths depeudence upon 
hand-looms. In both countries, too, hand-lqom weavers were for a 
long time characteristic of the linen industry in its dcclinCH. Mean¬ 
while, pow'ef’-loom weaving of fancy fabrics had been improved by 
the Americans William and George Crompton, and in 3863 an 
open-shed loom was invented in England which relieved the warp 
tl treads of strain; this became the general loom for the more delicate 
woollen fabrics. Linen, on the other hand, required something heavier 
and stronger than the cotton power-loom, and with the assistance 
of a special warp-dressing to compensate for the inelasticity of 
natural flax, a suitable machine became established in the trade 
bc»om of the 1850*5, although hand-loom weaving w'as not extinct 
in parts of Northern Ireland as late as £932, Thus by the 1890*8 
the Yorkshire woollen and Irish linen industries had reached much 
the same pjosition as the English w^orsted and cotton industries, 
where power had finally ousted the hand-loom in the 1830*8 and 
i Syo’s respectively, A lighter version of the loom used for linen was 
also applied to Jute, of which the manufacture at Dundee from Indian 
raw material received an important stimulus when supplies of Russian 
hemp were cut off during the Crimean War. 

The power-loom was Ukew^ise applied increasingly to the various 
and complicated w eaves of the carpet (Fig. 287)^ The draw-loom had 
been applied to the ingrain carpet at Kidderminster in 1735, and 
ninety years later the Jacquard was used in the same town to help 
the manufacture of the Brussels carpet- But the key event was the 
invention, by E. B. Bigelow of Massachusetts, of the Brussels powder- 
loom, which w'as improved in England and came into regubr use for 
both Brussels and Wikon carpets in the 1850’s and iSfio’s. The 
automatic insertion and withdraw^al of strong wires with looped 
ends w-as the means employed to raise the looped pile of the Brussels 
type, w^hile thinner wires with a knife blade at the end raised and 
then Severed the Ic^ps to create the rich Wilton pile. The potver- 
loom at the same time became applicable to the cheaper ‘tapestry* 
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caqjcts, which replaced the expensive use of differently coloured 
warp threads by having the design printed on the drum round which 
the warp threads were passed. By the 1870's these were ousting the 
original Brussels carpets. Powder-weaving was then being applied 
even to the Luxurious chenille carpet, which had chenille cloth woven 
into it; finallyi, in 1876, H. Skinner of New York developed a machine 
for making the Royal Axminster pile. 

The third great change in weaving was the introduction of the 
automatic loom, invented by J. H. Northrop of Massachusetts in 



Fia. 2^7, Carpet wcavcsl (A) Bfusiicljs; {B) ilttm; (C) Tapesif^^ 

HruKck; (DjTape3try-.Vdvrt; (E) Chenille-Annuisicri {?) Iro- 
pcriil-Axminstcr 


1895, w hich has been described as Ue loom of the ^entieth cp- 
tury\ It spread first in the United States rather than in Lancashire^ 
w'hcre strong trade unions existed to protect the interests of an 
abundant labour force; the capital cost, which v^as three tiroes ^at 
of an ordinaryd loom, was also a serious deterrent. The vital im¬ 
provement which it embodied was a method of changing the cop 
without stopping the loom. This was done by means of a kind of 
hopper containing cops, but its use inv^olved the devdelopmcnt of 
several other inventions, including a sclf-tbrcadmg shuttle and a 
warp-stop morion ► In its completed form, it left the weaver with 
nothing to do but repair breakages of warp or weft and refill the 
hoppers as required. 

Looking back at the changes in the textile mdustty in 1750-1900, 
it becomes possible to make some further generalizations. From the 
point of view- of the worker, although there was temporary unem¬ 
ployment among certain groups, the only large class that suffered 
severely were the hand-loom w'eavers, who, as wc have seen, fought 
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a long and losing battle against the machine. In Britain at the time of 
the Chartist movement (jS3S-4S)t which vainly sought to help them,, 
they had numbered at least a quarter of a millioa souls, subsisting 
in some coses, as attested by a Government inquiry, on total family 
earnings of 55. weekly. The repbeement of hand-work by machme- 
work in general reduced physical clfort, though the work load and 
its mental strain increased, and the machine-worker normally earned 
more than the corresponding hand-worker^ From the point of view 
of the entrepreneur, the improved techniques meant a steady in¬ 
crease in capital costs, coupled with a fall in w^age bills, so that, as 
compared with the past, capital charges loomed larger than labour 
charges. As regards the product, the demand for the raw materials 
increased to the general benefit of primary producers, the manu¬ 
factured product became better and often cheaper, and w^orld trade 
expanded correspondingly. The consumption of raw cotton was 
quadrupled during the second half of the century; five-sixths of it 
was still grow'n in the United States. Increasing mechanization also 
enhanced the importance for Britain of the textile engineering in¬ 
dustry, which found its owm profitable markets overseas in com¬ 
petition with the product itself; this had been a considerable trade 
long before it was legalized by Peel in 1843. 

Lastly, w e may summarize the international aspect. To begin w ith, 
the progress of textile techniques strengthened the role of Britain, 
and to a less extent America, as inventive pioneers. Germany, France, 
and Belgium also pbyed a vigorous and enterprising part, too often 
ignored in Britain, thereby reinforcing the industrial supremacy of 
Europe. But by 1900 it would be clear to a reflective and dispassionate 
mind that the leadership in output and invention was passing to the 
United States of America, and might in due course pass again to the 
teeming millions of Asia, whom Lancashire in iqoo stiU envisaged 
chiefly in the passive role of textile consumers. 
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N elther pottery nor glass-making rivalled the position of the 
textile manufactures, as transformed by the industrial rev^ 
lution. The growth of the potterj^ industry in scale and tech¬ 
nique was far less spectacular, arid depended less upon machine^. 
It was only in the second half of the nineteenih century, when the 
main textile changes wxre already completed, that the ^nufac- 
turc was put upon a truly scicnriiic basis. Yet pottcry^ unlike cloth, 
gave a direct stimulus to the whole course of technical change be¬ 
cause of the part it played in electrical equipment and in the more 
modern forms of building structure. In the case of gUss-mabng, 
the character of the material made its transformation into a macime 
industry' a still slower process. It wus, indeed, far from complete 
even in 1900, but the important part that improved optical gto 
played in the grow-th of science makes this, too, an instance ot a 
manufacture whose development had repercussions m vanous 
industrial fields. 


THE POTTERY INDUSTRY tN THE EIGHTEENTH CENTURY 
In the history of pottery-making, the central event of the in^str^ial 
revolution is undoubtedly the mass production of cheap but effective 
earthenware in the once obscure Staffordshire distnct known ever 
since as The Poueries. But the developments m this case ^ with 
continental instead of British discoveries, discovenes which-mstcad 
of producing something new like Arkwright’s machme-spiin yam 
wem to put Europe at last on a level with the ancient skilU of the 
Chinese potter. The period from 16S0 to i 749 bis been d^^enbed 
as *thc most fertile in the annals of Chinese ceramics . Its blue and 
white porcebim transparent enamels, and monochrome glazes were 
brought to Europe, especially by the Ehitch; they were admired m 
every capital-Queen Mar>' II, for instance, brought the vo^c to 
England from The Hague-^nd, as m earlier centuries, zealously 

imitated 


POTTERY AND GLASS 


20 


584 


It w'as in 1710 that success came in the long struggle to reproduce 
the quality of Chinese hard-paste porcelain, the struggle which had 
given Europe various soft-paste imitations as well as the beautiful 
delft ^^•are (p. 94), which often used Chinese designs for decoration. 
The first maker was J. F. Bottger, chemist to Augustus the Strong 
of Saxony, who used alabaster or marble as a fluxing agent, a par¬ 
ticularly white china clay from the Erzgebirge as his main material, 
and an improved type of kiln which permitted firing at a temperature 
of 1,300-1,400® C Thus the manufacture of Dresden china in con¬ 
ditions of strictest secrecy at Meissen antedates by a full generation 
the popular ware which we arc now to consider. Indeed, it took thirty 
years of experiment to produce a second hard porcebin to rival it. 
That was achieved in 1768 at the French state manufactory at S^tcs 
under its chief chemist, P.-J. Macquer, and in the same year the 
discovery was made independently by a Plymouth chemist, William 
Cookworthy, who tw'o years later moved the manufacture to Bristol 
for the sake of the local coal-supply, w'hcncc it spread to a site at 
Hanley in The Potteries. 

A parallel development, in which England played a rather larger 
part, was the making of soft porcelain, which had, for instance, been 
produced at S^tcs before they were able to make the more prized 
hard porcelain. The soft paste was produced in the eighteenth 
ccntuiy' at half a dozen different centres in England, only one of 
which, Longton Hall, was in The Potteries. This is important for its 
intt^uction of new materials, including soapstone (a hydrated mag¬ 
nesium silicate), which was brought into regular use at Worcester in 
1752, Two or three years before this the first London porcelain 
fat^iy at Bow, followed shortly after by a more important w'orks 
at Chelsea, began the use of bone-ash as an ingredient. Although the 
idw had bcen^ conceived in Germany earlier, and was adopted at 
bter, this manufacture of bone-china, which spread to the other 
English soft-pa.stc potteries, was the first wholly distinctive English 
contnbution to European ceramics. Nevertheless, we must look 
elsewhere for the senes of industrial changes that gave Staffordshire 


The Staffordshire industry of the Tudor and Stuart era had been 

neighbourhood, the avail¬ 
ability of ^lena (lead sulphide) for glazing, and the coal that was in- 
^ingly important as the timber supply began to dwindle: Tunstall 
n cy were early coal-mining centres, but the first potters dug 
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coal for themselves. A dairy industr>' clustering round Uttoxeter, 
Staffordshire, pro\ided a local market for butter pots, and there was 
a wder distribution by pack-horse, donkey, and river transport. Two 
Saxon potters from Delft, David and John Elers, who are belieN'ed to 
have arrived in England with William of Orange in 1688, introduced 
salt-glazing from the Continent and a higher standard of refinement 
and accuracy, doubtless related to the fact that they had once been 
silversmiths. Pipe clay from Devon came into use to coat the inside 
and decorate the outside of vessels, so that the red or brown product 
of Staffordshire might have some of the aesthetic appeal of porcelain 
or delft. This in turn led to the 
development, probably made by 
John i^tbury about 1720, of 
Staffordshire’s first truly com¬ 
petitive product—a salt-glazed 
ware that was white through¬ 
out. The making of this in¬ 
volved tw’o changes, the use 
of white-burning clay fetched 
from a distance and the addi¬ 
tion to it of calcined flint: both 
materials could be conveyed by 
water up the Weaver or the 
Trent. The resulting stone¬ 
ware pro\’ided the much-prized 
qualities of transluccncy and hardness, and brought some of the 
refinement of imported porcelain within the reach of a less wealthy 
classy it was this expanding market which first made the fortunes of 
The Potteries. 

Technologically an important development was the introduction of 
the flint-mill, as the flints after calcination in a kiln had to be ground 
to an extremely fine powder before mixing into the clay. account 
of the havoc wought by silica dust in the lungs, grinding under 
water was patented as early as 1726. The grinding machine itself ^as 
preferably of stone, in order to avoid the discoloration imparted by 
iron; the machine was a hea\7 one (Fig. 288), and this encouraged the 
use of viater-power and the steam-engine at an early date. James 
Brindley, for example, inas a builder of flint-mills l^forc he turned to 
canals. TTie purpose of the flint i^as not only to lighten the colour 
of the ware, but, by firing it at a high temperature, to impart increased 
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hardness: much greater attention w’as therefore given to the working 
of the kiln. About 1750 the practice began of double firing, first to 
produce the biscuit stage (Fig. 289), and again after the application 
of the glaze, while a special shallow kiln was also brought into use 
to accelerate the drying of the clay. At the same time banks of kilns 
began to replace the original single structures, often measuring only 
8x 6 ft; new devices were found for controlling their temperatures; 
and salt-glazing was gradually abandoned. 

Enoch Booth of Tunstall, who introduced double firing into 
Staffordshire, also a pioneer in the replacement of the practice 
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of dusting the ware with powdered galena before it was fired: 
instead it ^-as dipped, after the first firing, in a slip of liquid glaze 
containing a lead oxide (Fig. 290). This brought the cream-coloured 
Suffordshirc earthenware nearer to the degree of perfection which 
c\’cntually gave it a world market. Production increased rapidly in 
the 1750*5, and about 1768 Booth made a further improvement by 
adding china stone to the china clay already present in the body: 
this body was the original basis of the industrial achieN'cment of 
Wedgwood. 

Josiah Wedgwood was a potter’s son who w'as throv^ing pottery 
on the wheel by the age of nine. In 1759, aged twenty-nine, he set up 
his own business at Burslem within 3 miles of the site of the potter)' 
works and village of Etruria which he established ten years later, 
and of the mansion where he mixed experimental cbys in scctccy 
and resided until his death in 1795 * One of his first successes was a 
green-glazed ware, but the most important product w’as an im- 
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provement upon the cieani’HColourcd ware manufactured by Booth. 
For this he used a mixture of 4 psJts flint to 20-24 P^rts of the 
whitest clay obtainable, which he fired twice and ^la^ed with w^hat 
was essentially flint the product had no decoration, but it 

appealed by its attractive shape and was comparatively cheap.^ It 
secured an enormous advertisement when, Queen Charlotte having 
accepted a set in 1762, it became known as 'Queen^s w^are* and its 
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fortunate manufacturer was appointed royal potter. But \Vedgw'ood, 
whose use of the name Etruria attests his classical enthusiasi^, was 
much concerned with die more purely artistic side of ceraraia: his 
employment of John Flaxman to design white omamentarion as 
effective relief on a coloured ground, his output of portrait medallions, 
and the classic shapes given to his fine jasper ware, may be quoted as 
examples. His taste for the eUssii^l or sentimenrai motif, in place of 
the exotic Chinese or the French rococo, suited the expanding 
bourgeois society that he served^ SLuce ^Vedgwood s multifarious 
interests also ranged from the scientific exarnination of potter) 
materials and methods to such purely commcr^l developments^^ 
the promotion of the Grand Trunk Canal, which passed alongside 
his kilns at Etruria, it is clear that he was ideally qualified to raise the 
status of the industry as a whole. In 1777 the v^luc of the annual 
output of The Potteries was only hS.QOO, though this was five times 
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what it had been half a oenrur)' before, but ten years later there were 
two hundred master-potters there, with an average of a hundred 
employees each. 

It remains to enumerate some of the technical improvements which 
ministered to this growth: pride of place may be given to the intro¬ 
duction of the steam-engine, A Ncw'Comen engine was the first 
steam-engine to be installed in The Potteries: this pumped water back 

for rc-nsc by an existing water- 
w^heei, and belonged to a potterj^ 
which later passed to the grow¬ 
ing firm of Spode. Wedgwood 
ordered one of Watt's engines 
in 1782, proposing to use it both 
for grinding flint and pigments 
and for the mixing of clay, a 
decision that proved important 
not only in the history of the 
pottery' industry, of which it 
eventually changed the w'hoie 
tempo, but because of its effect 
on the fortunes of Boulton Sc 
Watt by providing a much- 
needed new market for their 
engines before the textile in¬ 
dustry' was ripe for them. 

But there were also numerous 
improvements which speeded 
up, or added to the value of, a 
handicraft process. Thus thro w^ 
ing on the wheel had been supplemented by 1750 by revmng the 
ancient use of moulds—of cast metal, plaster of Paris, or lightly baked 
clay—for stamping out small vessels, a method whidi was employed 
even for Wedgw'ood's portrait medallions. In the end the mould- 
cutter prepared the first design in alabaster and then transferred it to 
a stoneware duplicate, thus providing a means of making any number 
of plaster moulds for the object; he became in consequence one of 
the most important workers in the industry. Ptessers, who made the 
cheap, flat hollow-ware by this means (Fig. 291), likewise became 
more numerous than throwers. Another move towards mass produc¬ 
tion was the invention of transfer-printing: the required pattern was 
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engraved on a metal platej which was then inked^ so that the design 
could be taken up on paper and transferred to any number of 
arriclcSt Later refinements ranged from the provision of a semi-hand- 
made ardeJej which had the transfer imposed merely as an outline 
to guide the decorator, to full-scale picture printing, such as 
ornamented the lids of pomade-^ts for Victorian dressing-tables. 

Although It would be wTong to think of mass production as the 
only aim of the industry, there was a natural tendency to concentrate 
on what could be w'orked most easily and effectively. In the case of 
porcelain, for example, England did not attempt to vie with the 
Continent in the making of the hard paste, but continued w'ith its 
soft paste bone-china. In 1797 the second generation of the great 
dynasty of Spode added felspar to the bonc-asb, producing the 
easily w orked English porcelain material of the present day. So also 
in the sphere of decoradon with metal, the difficulty that gilding 
was easily rubbed off was met by the introduction of *fired gold^—■ 
gold-leaf mixed with honey, w'hich could be applied before firing — 
providing a rare example of a pottciy' process in which Europe was 
not anticipated by the East. The production of lustre ware, intended 
to look like metal, w'os achieved by application of a metallic com¬ 
pound over the glaze, to be fired in a reducing atmosphere so that 
the metal itself w'ould be liberated; it shows the eighteenth century 
engaged in the kind of facile imitative manufacture which wc think 
of as an unsatisfactor)'' characteristic of our own age. \\'edgvi'Ood^s 
only patent, as it happens, was one taken out in 1769 for making an 
encaustic gold bronze. 

Nl NETEENTH-CENTURY DEVELOPMENTS 

At the close of the eighteenth century , thanks largely to the genius 
of Wedgvi'ood, the size and scope of the English pottery industry had 
been transformed, and machinery and labour-saving devices had 
been introduced to a degree which enabled it for a long time to 
function satisfactorily as a large-scale handicraft. It depended to a 
great extent on the availability of an ample supply of cheap labour. 
There is a close parallel w ith the coal industry in this respect, as also 
in the tendency for pot-making to be a hereditary trade; in the ex¬ 
ploitation of child-labour, which went on much longer at the kilns 
than in the nrines; and in the considerable physical risk to the worker. 
But what chiefly enabled the pottery^ industry to function efficiently 
in the first half of the nineteenth cenrury wnthout any Important 
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further change was a division of labour to which there was no parallel 
in the coal-mines. As early as 1790, some 160 employees engaged in 
the cheaper kinds of work at Etruria were distributed among at 
least menty distinct occupations. 

By 1850 the most artistic forms of pottery fully satisfied the re¬ 
quirements of the leisured classes, and the substitution of cheap 
earthenware for wood and pewter as the tableware of the masses in 
all civilized countries was virtually completed. The Great Exhibition 
included such curiosities of ceramics as the largest porcelain dish in 
existence, a Hungarian product that attracted the eye of Queen 
Victoria and secured a most profitable royal order. By i860 there was 
a porcelain flute, in 1885 a Dresden china fireplace, and at the Paris 
Exhibition of 1900 a 'Ceramic Palace*, of which the interior was con¬ 
structed exclusively of Sevres porcelain. It was perhaps fortunate 
that further development came to the industry largely through the 
demand for new' end-products. These included great numbers of 
porcelain and steatite insulators for telegraphic and other electrical 
uses; containers for acids and other chemicals, required by the rapidly 
expanding chemical industi}'; and fire-bricks for steel-smelting, such 
as w'cre made of calcined dolomite or Austrian magnesite for the 
Gilchrist-Thomas process. By the last decade of the ccntur>* porce¬ 
lain for sanitary fittings had also become a large-scale manufacture, 
at least in America. Besides these new uses of pottery there was a 
great expa^ion in the use of clay products in the building industry. 
Brick-making machines, which cut ten bricks at a time from a length 
of clay, on ±e model of a sausage-machine, were introduced in 
Britain by mid-century, yet the demand for bricks was such that in 
1871 brickyards stUl employed half as many workers as all the 
potteries. Besides the ubiquitous brick walls, in many places inter¬ 
locking tiles were used for roof construction; there was also a steady 
demand for hoUow bricl^ for light-weight partitions and non- 
inflammable floors and ceilings for tall buildings. 

The Potteries owed their location partly to the presence of a 
plennfiil supply of cheap coal. The characteristic bottle kiln (Fie 
292) was developed there without much regard for fiieUfficiency! 
not to speak of the poUunon of the atmosphere: about 1800 it was 
reckoned that 2J lb of coal were used to fire t lb of clay. One line of 
advance was to change the fuel, with which object experiments began 
about t8s5 in vanous rountnes with coal- or producer-gas or, a 
deal later, electnetty. Another was to redesign the kiln: F. Hoffman, 
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for instance, in 1858 patented the first continuous circular kiln, 
which had a scries of openings to enable the fire to be moved from 
one to another. Even more important was the tunnel kiln, developed 
in Denmark—where the need to economize in fuel was very great 
The first was built in 1839, but it became more effective after 1877, 
when a type was patented w'hich burned producer-gas or coal. This 
in turn was followed in the next year by the more economic annular 
tunnel kiln, set up almost simultaneously in London and in Hungary. 
The improvement of the kiln was accompanied by the development 
of ancillary machinery—grinders, crushers, and mixers for the raw 
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materials, and mechanical presses to form the simpler of the finished 
products, including tiles as well as bricks, porcelain insulators, and 
household crockery. 

In the long run, howe\’er, the most significant change was the 
gradual substitution of scientific methods for the empirical approach 
of countless past generations. There was for the first time a rational 
analysis of the raw materials, exact measurement of kiln tempera¬ 
tures, and the formulation of rules of procedure to prevent minute 
cracks (crazing) forming on the surface of the pot. 

Among the practical results of the new approach, we may notice 
the long battle which resulted in the prohibition of the use of soluble 
lead in glazes, a protection against lead-poisoning important to the 
consumer but more particularly to the workers in the ind^try. There 
was also more variety in the colouring of glazes; uramum, for in¬ 
stance, was first used for this purpose in 1853* Finally, it became 
easier to imitate not merely the china of the Far East but rival Wes¬ 
tern products. Thus British bone-china was manufactured in Sweden 
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with a body so greatly improved that as many as ten plates could be 
placed one above the other m saggars; even the famous pdte-iur-pdte 
technique of Sevres was successfully copied by the Dresden china- 
works at Meissen in 1878. By 1900 what had once been the most 
individual of industries h^d become largely standardized and 
mechanized and even—in Ohio at least—elevated to the rant of a 
university faculty. 

progress op glass-making 

The history of glass-making bears a broad resemblance to that of 
potter)', inasmuch as the craftsman and the ancient, and often secret, 
traditional process were not quickly sw'ept aside by industrial change. 
Indeed, development was even slower, because there was not such 
a great mass-marker in the earlier period—we use more cups and 
plates than glasses—nor at a later stage were the uses of glass in 
industrial equipment so numerous. In building development, how¬ 
ever, glass was as important as bricks and tiles, and the maker of 
glass sheets, unlike the potter, had the special problem of increasing 
the dimensions of his product to suit new window requirements. 

The closest link with the scientific advances of the period of the 
industrial revolution is in the steady progress of optical glass. It was 
in 1758 that John Dollond, a practical optician, w'as awarded a 
patent for the achromatic lenses that he had been constructing, con¬ 
temporaneously w ith Moor Hall, for about a quarter of a century; 
they w'ere made by cementing a convex lens of crown glass to a con¬ 
cave lens of flint gla;a. With the conquest of chromatic aberration, 
the mathematical theory of which was worked out in 1760 by Samuel 
KJingenstiema of Uppsala, the early drawing-room pieces were suc¬ 
ceeded by large observatory telescopes. Urge reflecting telescopes, 
such as the 40-ft mstrument which Herechel completed in 1789, 
also came into use. Improved methods of making optical glass 
became the object of rpearch not only among manufacturers but 
among interested scientists such as Herschel and Faraday, who took 
charge of the Royal Society* investigations of the matter in 1S24 A 
sisniflant disraverj- fed been made in 17^ by P. L. Guirand, a 
Swiss clock-bell founder, whose bell-founding experience suggested 
to him the idea of stirring the molten flint glass in the crucible with 
a fire-clay stirrer, m order to distribute the heavy lead oxide more 
evenly and so to form a homogeneous mixture, an absolute essential 
for good optical results. With denser glasses the range ofrefraetivity 
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could be extended. The quality of light transmission was also im¬ 
proved because air bubbles in the mixture were more completely 
dispersed. Guinand’s secret process was developed chiefly at a 
Bavarian works in collaboration with the spcctroscopist, Joseph von 
Fraunhofer, and enabled the Munich optical institute to produce 
large lenses of fine quality. 

Fraunhofer’s work was complemented in Britain by that of Vernon 
Harcourt, the son of an archbishop and father of a Chancellor of the 
Exchequer, whose experiments were nevertheless hampered by lack 
of resources. Moreover, until 1845 British excise rules (p. 598) 
severely obstruaed manufacture, so that even the glass for light¬ 
house lenses and prisms was usually imported. After the deaths of 
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Guinand and Fraunhofer, the secret of the stirrer w'as purchased by 
a French glass-maker, Georges Bontemps, w'ho in 1837 made an 
agreement to share it with the English firm of Chance Brothers at 
Birmingham. Finally, when the revolution of 1848 drove Bontemps 
to England, a new plant was set up under his super\'ision, and 
Chance Brothers became established in the manufacture of both 
crown and flint glass for telescopes, and of a lighter quality for the 
new requirements of camera lenses. 

In general, however, the great difficulty’ of handling molten glass 
was an effective barrier to progress. No attempt was made to pro¬ 
duce tubing and rod mechanically, to say nothing of bottles. Tubing 
was produced by gradually blowing a gob of glass into c)iindrical 
form, which was then drawn out between two workers (Fig. 293) 
while a third measured the diameter witli calipers; when the size 
was right he cooled the glass, to make it set, by flapping the air with 
a sheet of leather to create a draught, and it was cut into lengths on 
a horizontal ‘ladder’. 

Crown window-glass was still in common use in England in 1800. 
The distinctive small round sheet of glass, with the bull’s eye or 
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*crown’ in the centre, was made frono a globe of glass which w^ 
attached by a lump of malcen metal to an iron rod (or pondl) at a 
point diameiiically oppKSJte to that at which it was held on the blow- 
iron. The removal of the blow-iron then left a small opening in the 
globe, w^hich was reheated and spun until centrifugal force caused 
the flat glass suddenly to flare out into the shape of a disL It was 
then whirled about on the pondl until it became cool enough to be 
cut away (Fig. 294)* 

A better s^-stem of making sheet glass, from blown cylinders, was 
introduced into England in 1832 by Chance Brothers and Bontemps, 
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Although the new method, already established in Germany and 
France, required five types of skilled workers, it w'as cheaper, pro¬ 
duced bigger sheets, and was free from blemish in the centre. The 
method was as follows. A ball of glass weighing anything up to 
40 lb was blown into a globe, and this was swung in a deep trench 
so as to give it the shape of a cylinder. The two ends were then cut 
off preparatory to slitting the cylinder lengthwise with a diamond 
tool: wfren softened by reheating, it would unroll into a flat sheet. 
For better-quality sheet the cy^linder w^as opened out on a glass- 
covered stone, smoothed by rubbing with a block of w'ood, and finally 
passed through an annealing kiln. But after only seven years Chance 
Brothers devised a process by which the sheets could be ground and 
polished like plate glass: this involved the grinding away of irregu¬ 
larities from the surface while the sheet was relieved from strain 
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by being kid upon a bed of mokiencd leather, resting upon skte, 
to which it was made to adhere by suction. 

The manufacture of pkte glass was introduced into England from 
northern France in 1773^ and a company established at Ravenhead 
near St Helens in Lancashire three years later was famous for its 
casdng'hall, 130 yds long by 50 yds wide^ which wras one of the 
largest industrial buildings of the age. Although some experienced 
French workmen w ere available and the first managers were French, 
the business was at best a struggling one^ hampered by expensive 
breakages, until the outbreak of the 
long French wars saved it from the 
competirion of the manufacture in 
France, which had a full centuiy^^s 
experience behind it (p. no). Yet the 
process had the enormous advantage 
that cast pbtes could now measure 
160x80 in., as compared with the 
maximum of 50 X 30 in* for plate glass 
made by the old blowing process. The 
batch mixture included 25 per cent- of 
broken plate glass (cullci); it w'as 
prepared for use by fritting, a process CudnE pUicEla»,f. 178® 

which gave a uniform paste-like mix¬ 
ture, and was fused m crucibles placed in a high-temperature fur¬ 
nace, Stourbridge clay W'ith an admixture of burnt clay pro\ided the 
material for these crucibles, which had to withstand both intense heat 
and the action of the molten glass, and they were coyered^n English 
inno^'arion for use with smutt>* coal-fuel The casting (Fig. 295) was 
done originally on a copper table, but in the 1S40 s cast iron was 
substituted. As early as 1789 a Boulton & Watt steam-engine was 
introduced for the grinding and polishing processes. The grinding 
implement wras a sheet of glass, fastened to a plank and a horizontal 
wheel, which w^s moved freely about on the surface of the plate, after 
the latter had been plastered down with lime or stucco on to a stone 
table fitted wath a rim to retain the water and sand which formed 
the grinding matcriiL The polishing was done with a felt roller 
mounted on a wooden bow', using finely powdered Tripoli stone or 
emery (Fig, 296)* 

As the annual amount of building in Britain approximately 
doubled during the period 1821^5, the demand for window-glass 
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rose proportionately. Some of this was met by the blomng of more 
cjlinder glass^ and a new croT^Ti-glass company was formed at 



Fig. 396. Buffinj dt poli&hinf pkic glis for mirrors 
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Sc Helens in 1826, But the most impomnt''dcvelopinent was the 
Union Plate Glass Works at Pocket Nook (Fig. 297)^ with four 
furnaces and twenty annealing kilns, which clearly foreshadowed the 
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extension of the industrial revolution to the gkss industry^ Yet it 
\sus not untlJ 1845 that a change in the British iOscal policy made 
expansion fully practicable. 

Before then, both glass-cutting and glass-engraving had passed 
through their greatest period, 
when their products compared 
with porcelain in their appeal 
to a limited doss for whom ex¬ 
pense was no object. Glass-cut¬ 
ting by hand was a highly skilled 
operation, for which Britain had 
a high reputation because of the 
excellent quality of the early 
crystal glass upon which it was 
practised. Designs, which were 
mainly geometrical) were ground 
in vtixh an iron wheel fed with 
sand (Fig. 298). The glass was 
then smoothed on a w'hcel of 
fine sandstone fed wnth water, 
and repoUshed on a wooden 
wheel fed w ith water and putty- 
powder. Engraving was used for 
thinner ware, with freer designs 
put in by small rotating copper 
wheels. These wheels w^erc 
smaller than those used for cutting, and a single dciicate design 
might require the use of fifty such, the diameters ranging between 
I/8th and 4 in. 

Lastly, wc may notice that in 1750-1850 there were important ad¬ 
vances in glass coloration. Bottles were still mainly black or verj' 
dark green because of the iron and other impurities in the raw 
materials. Glass for plain tableware, on the other hand, w as made with 
purer materials in order to ensure that it was virtually colourless. 
But artificial colours were required increasingly for many purposes, 
ranging from stained-glass windows downw^ards: cobalt compounds 
had long been used for blue, and the metal itself w^ first identified 
in 1742; nickel, uranium, and chromium compounds were used for 
producing other colours; and in 1826 the way of making true copper 
red glass {p. 95) was rediscovered by the versatile Bontemps. It 
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was not until die 1830’s, however, that it was discovered that the 
yellow colour imparted to glass by such materials as pondered coke 
or anthracite was due to the presence of sulphuric impurities in these 
materials. In general^ the substances used to colour glass were still 
the tradidonal ones: progress came chiefly through the use of more 
highly purified compounds and through more careful control of the 
atmosphere and temperature of the furnaces. 

GLASS-MAKING, I 845-1900 

The repeal of the century-old Brirish excise dudes on glass in 
1845, followed by the final exonedon of the w^indow ta.x in 1851, may 
be taken as a convenient stardng-point in considering the newer 
developments in the second half of the nineteenth century. The 
constant supervision practised by the excise officers rankled with 
the manufacturers, and the effect of the dudes themselves was 
tersely summed up by the economist, J+ R+ McCulloch, in 1833- ^ 
man with 125 per cent, duty over his head is not very likely to make 
experiments.’ WTien the goods became cheaper, demand increased, 
and the consequent pressure of the workers for higher wages pro¬ 
vided an addidonal incentive for experiments in mcchanizadon. 
From 1859 onwards there was a series of patents in various coun¬ 
tries for bottle-making machines, and in 1887 the semi-automatic 
Ashley machine, used at Castlcford in Yorkshire, provided the first 
commercial success. Molten glass w as collected manually on on iron 
and dropped into a mould; a plunger was pressed into the glass to 
form the neck, and compressed air then expanded the glass to fill 
the mould. Next, the neck was held by hand and inverted; a second 
mould, the blow-mould, then closed round the glass, which was 
blowTi up to form the completed bottle. In 1898 M. J. Owens in 
America built the first experimental hand-gun, which mechanized 
the first process in the manufacture. As regards the economy of 
labour, five handworkers produced about 150 bottles an hour, 
whereas two men w'orking tw^o improved Ashley machines could 
make 200; by the end of the century an Ow^ens machine could make 
2,500 bottles an hour. Plunger and mould also came into use for the 
simpler process of pressing out glass articles such as pic-dishes and 
bowls. 

A more immediate sequel to the removal of the exdse duties in 
Britain was the increased trade enjoyed by Chance Brothers who, on 
taking over the sheet glass process in 1832, had improved upon it 
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by blowmg a cylinder as much as 6 ft bng by i6 inches in diameter: 
the firm supplied the glass for the Crystal Pdace in 1851^ In 1884-7^ 
as a sequel to much unsuccessful experimentation (which began with 
Bessemer in 1846), Chance Brothers developed a rolled-plate pro¬ 
cess, in which molten glass was poured on to an inclined plate, 
passed between a pair of rollers, and then ground and polished. 

Mechanization in this case, as in that of glass containers, depended 
to a considerable extent upon improved furnaces. Those in use up to 
1850 were directly fired and extravagant in fuel, but in the i86o's the 
Siemens regenerative furnace, as was previously related (p, 4S4), 
was applied to glass-making. Gas-fired furnaces of the new type 
produced a much higher temperature, which among other advan¬ 
tages facilitated the dispersal of air bubbles, but in consequence 
reduced the life of the traditional fireclay pots. The result w as chcir 
replacement by tank furnaces, used at first to hold only the quandty 
of melted glass required for a single day^s w'ork, but later to provide 
a continuous flow of glass, with the batch melting at one end and 
emerging at the other refined and ready for working. This system 
was introduced in Britain by 1S72, but not until r 883 in America, 
where fuel was generally cheaper and glassworks were smaller. 

As regards the chemical composition of the glass, the higher tem¬ 
perature of the new' Siemens furnace made it possible for expensive 
soda to be rqplaced by salt-cake (sodium sulphate, p, sp), but 
in 1S63 the development of the Solvay process for making soda 
reversed the trend. More generally, a feature of the rime was the 
careful scientific study of the materials used: in 1875, for instance, 
the chemical composition of what was then regarded as the most 
durable glass was defined, and proved to be near to that still u&ed 
for windows. More important, for science at least, w^as the con¬ 
tinuance of the study of optical glass, particularly by Ernst Abb^ 
and Otto Schott, who in 1886 joined Karl Zeiss in beginning manu¬ 
facture at the famous Jena glassworks. Just after die end of the 
century they were able to list about eighty different optical glasses, 
and in a very few' years they had introduced, to an extent of at least 
to per cent, of the mixture, no fewer than twenty-eight elements not 
previously used in glass-making. 
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THE INTERNAL COMBUSTION ENGINE 

INTRODUCTION 

A LTHOUGH the complexity of the internal combustion engine 
and the course of its e\'olution from a primitive to a practical 
-tA-form make it very comparable with the steam-engine, its 
stoiy- can be rebtivcly briefly told in the present context. Although, 
as we have seen, the steam-engine neither started the industrial 
revolution nor even played the decisive part in its early phases, it 
subsequently had a decisive effect on many technological develop¬ 
ments in the nineteenth century’. By contrast, although the main 
features of the modem internal combustion engine had appeared by 
1900, its enormous influence on world civilization was not felt until 
well into the twentieth century. Moreover, as the steam and the in¬ 
ternal combustion engines have a good deal in common—the heart of 
both being a piston in a tylindcr—some of the general principles of 
operation have already been discussed. In passing, it may be remarked 
that this similarity to the steam-engine H-as to a certain extent a 
hindrance to the development of the new engine: early inventors 
tended to adopt features of steam practice that were not suitable for 
internal combustion engines. An interesting, if extreme, example of 
the lingering influence of old on new is provided by a French patent 
for a petrol horse (Fig. 299) taken out as late as 1897. 

Although the internal combustion engine effectively came into the 
field a century later than the steam-engine, its history is just as long, 
for both can be considered to have derived from the experiments of 
Hm’gens and Papin with a gunpowder engine (p. 314). As will be 
recalled, the hazards and difficulties of recharging such an engine, 
and of sweeping out the products of combustion, caused Papin to 
turn his attention to steam, and so to set in train experiments that 
resulted in the first Newcomen engine of 1712. With the internal 
combustion en^nc, as with so many inventions, the fundamental 
idea was conceived long before there existed either the means of 
putting it satisfactorily into practice or a strong incentive to develop 
them. In the nineteenth century the ready availability of coal-gas. 
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and later of vcr>' volatile petroleum fractions for which there was 
no existing demand, caused thoughts to turn again to internal com¬ 
bustion engines; at the same dme, the growing understanding and 
mastery of electricity provided an extremely convenient sj'stem of 
ignition, although not the only one used in early engines. 

But the incentive was still not very great. Although by far the most 
important modem application of the internal combustion engine is 
in transport by land, w'ater, and 
air, this application can scarcely 
have entered the thoughts of 
early inventors. Apart from the 
fart that the steam-train and the 
steamship must have seemed to 
many to represent near-perfec- 
tion in transport by land and sea, 
the fuel of the earliest internal 
combustion engines w as coal-gas 
which, depending on connexion 
w'ith, or frequent recharging 
from, a mains supply, offered no patrol bone: • novd form 

obvious possibilities for loco- of tractor patented in France in 1897 
motion. NIoreover, the weight- 

to-power ratio of early engines w'as very high and their running 
speeds were low: not until the very end of the century did light, 
high-speed petrol-engines make their appearance. In consequence, 
all the early engines were stationary ones, designed for industrial use. 

GAS-ENGINES 

Although the seventeenth-century gunpowder engine can fairly 
be regarded as the ultimate ancestor of the internal combustion 
engine, nearly tw’o centuries elapsed before such an engine was 
successfully developed. A gas-engine patent was lodged in Britain in 
1794, and thirty years later gas-engines were used for pumping, but 
even the Great Exhibition included only a single example, one intro¬ 
duced by Drake in 1843 in the United States. Not until 1859, w hen a 
French Engineer, Fticnne Lenoir, built a gas-engine that in most 
respects was designed according to current steam-engine practice, 
was any real success achiev'ed. Up to date in so far as ignition of the 
explosive mixture of gas and air in the cylinder was effected by an 
electric spark generated by an induction coil, it lacked, among other 
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essential featuresj any pTD\isTon forcompressmg the mixture before it 
was fired. Its performance did not stand comparison with contem¬ 
porary steam-engines of the same power^ but it wns nevertheless a 
landmark as the first non-steam-engine able to w'ork continuously 
under industrial conditions. Not for nearly tw'enty years was a fully 
successful gas-engine built: this was N. A. Otto^s horizontal engine 
of 1876 (Fig. 300), of which 50^000, of about zoo^oco h.p. in all^ 
were sold in the first seventeen years after its introduction, by the 
Gcnnan firm of Otto Sc I^angcn. This engine worked upon the so- 
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called Otto cyclC) after 1890 almost universally used for all internal 
combustion engines. The principal exceptions are cheap lower-power 
engines—designed for motor-mowers, light-weight motor-bic^xles, 
and similar purposes—'W'hich often work on the simpler tw'o-stroke 
principle: compression was applied to this type of engine by Sir 
Dugald Qerk in Scotland in 1878, The Otto cycle, controlled by 
valves which regulate the intake of fuel and expulsion of the products 
of combustion, consists of four strokes* In ie first stroke the ex¬ 
plosive miiture is drawn into the cylinder; in the second, the mix¬ 
ture is compressed by the piston and then ignited; in the third, 
the force of the explosion drives the piston back again; and in the 
fourth, the returning piston drives out the gaseous products of com¬ 
bustion, ready for ^e cycle to be repeated. Although probably an 
independent invention, the Otto cycle was clearly anticipated in an 
unexploited French invention of 1862. 

Otto’s success effectively demonstrated the possible uses of gas- 
engines and by the end of the century their improved size, efficiency, 
and reliability, and the do'elopment of special gaseous ^els, made 
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them fully campctitive ’ftith steam-engines- In i 83 i the largest 
gas-engine was of 20 h,p»t by i9^7» ^'hich time it reached the 
peak of its popularity, 5,000 h.p* engines were in use. 

OTL-ENGINES 

Meanwhile, impoTtani developments in fuel utilization had taken 
place that vt'cre to determine the main line of evolution of the mternal 
combustion engine: Uquid fuels derived from petroleum began to 
supersede gas derived from coal. For this, two principal reasons are 
apparetiL V\liile the long-distance piping of gas is now common¬ 
place, this w as not so in the mnetcenth century. Gas was then 
available only relatively close to the worb at which it was manu¬ 
factured: this generally serv^ed domestic and industrial consumers 
in a single towm area. Although the power requirements of non- 
urban areas throughout the world were growing, only the biggest 
installations w ould justify the establishment of gas-manufactunng 
plant for power alone. To use a liquid fuel, easily transported and 
stored, capable of being fed to engines by gravity, and yielding 
more heat per unit of weight than coal, was ^erefore very attractive. 
Moreover, at just this time the petroleum industry—originally de¬ 
veloped, as we have seen, to meet the demand for lUummants and, 
after 1878, for hearing—could offer just such a fuel at a competitive 
price- Although the dangerously volatile lighter fractions, which at 
the outset presented a serious disposal problem to the petroleum 
industry(P* 520), were destined tohethe most important fueU for in¬ 
ternal combusrion engines, higher kerosene fractions were used first. 

The use of fuels of relatively low volatility presents icchmcal prob¬ 
lems different from those involved in the use of petrol, which 
vaporizes freelv at normal temperatures. To prepare a suitable 
explosive mixture with air in die cylinder, fuel oils must either be 
vaporized by heating or converted into an exceedmgly fine spray* 
Once an engine is running, the vaporization of the oil and the ex¬ 
plosion of a properly balanced mixture in the cylinder of an oil¬ 
engine can he effected spontaneously by the great heat generated in 
the compression stroke. While this has the very great adv-antage of 
making it possible to dispense with an external ignition system-- 
which even today is the most important single cause of fadiirc of 
petrol-engines—it has attendant disad\^nmg^. The verj' high degree 
of compression necessary for spontaneous ignidon demands stronge^ 
and therefore heavier, construction, so that oiUngines do not lend 
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themselves to light-weighty low-power design, moreover, they tend 
to run roughly at low' speeds. In oonscquence, oil-engincs have 
found little favour for motor-cirs, but they are verj' extensively 
used for the heavier forms of road-transport, and as large stationary 
and manne engines they have been enormously suceessBil. 

Although the ignition of the mixture in the cylinder of an oil¬ 
engine will c%'cntuaJly take place spontaneously as a re^lt of the heat 
of compression, some means of starting from cold must normally 
be provided: only exceptionally high compression-ratios will bring 
about ignidon of oil’<iir mixtures merely by turning the engine over 
a few' times- In an engine built by Brayton, an American engineer, 

1873, initial firing was facilitated by turning the engine over with 
the aid of a cj'linder of compressed air, recharged by the engine itself 
once spontaneous ignition had been established, A more successful 
oil-engine, built in sizes up to 100 h.p., was that patented by Dent Sr 
Priestman of Hull in 1886. Operating on the four-stroke Otto c)'cle, 
it was started by pre-heating the cylinder; the success of a mobile 
unit introduced in 18S9 agricultural use is a reminder of the 
groiving power demand of rural areas- In these engines the heavy- 
oil fuel passed before combustion through a pre-heater heated by 
the exhaust gases. A notably successful engine was the Ackroyd- 
btuart, first produced in England in 1890 and manufactured in 
large numbers by Ruston & Hornsby of Lincoln. 

The Diesel engine, first patented by Rudolf Diesel in Britain in 
1892, and first suc^fuUy manufactured in 1897, Is notable for the 
very careful attention given to thermodynamic principles (p, 341) in 
its design: these principles Diesel set forth in detail in 1893 in his 
T’Afcrie und Konstndriott fines IVdrmir-mQtars. His object, 

eventually show'n to be not W'holly practicable, was to prevent the 
engine temperature rising above that of the compressed gas in the 
C)'liiiders, so making cooling unnecessary; he sought alsO' to increase 
efficiency by low'cring the temperature of the exhaust gases. DiesePs 
thermodynamic ideals were never fully achieved in practice, and 
after a^ few years the main, but exceedingly important, distinction of 
the Oiesc] engine from other oilengines was its exceptionally high 
compression ratio, w hich favours high thermal efficiency. 

PETROL-ENGINES 

The essential principles of the petrol-engine are the same as those 
of the gas- and oil-engines already described: the main dififerences 
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are in the systems of fuel injection and ignition and in ihe fact ^at it 
is cssen dally a highspeed engine. Although an Austrian engineer, 
Siegfried Markus > is reputed to have built in the period 1864-74 
several vehicles propelled hy petrol-engines (p. 393), the acknow¬ 
ledged pioneer was the German engineer, Gottlieb Daimler, who had 
for some years been interested in the design and construction of gas^ 
engines. His first petrol-engine, patented in 1885, was a single- 
cylinder vertical machine, air-cooled, working on the Otto cycle. 
The explosive mixture was prepared by sucking air through petrol 
in a float-chamber, and it was ignited by an externally heated tube 
inserted into the cylinder head. In the following year this engine 
was successfully applied to a bic>xlc, then to a carriage. Within three 
years Daimler had constructed a two-cylinder engine, in W'hich the 
two pistons drove one crank: originally it was proposed to fit valves 
in Ixith pistons, but this intention w^ never reali2cd in practice. 
This engine was built in considerable numbers, not only for the 
motor-car industry but also for small boats and as a stationary en^nc. 

Simultaneously with Daimler, another German engineer, Karl 
Ben2, was building engines that w ere specifically for moior-prs. His 
single-cylinder engine of 1885 differed from I^imler’s in being 
horizontal, in having electrical ignidon, and in being relatively slow- 
running, Applied first to a three-wheeled car {p. 393). the engine 
proved conspicuously successful w'hen it was used, asa 3i h.p^ unit, 
in a four-wheeled vehicle in 1893; production of this continued up 
to 1901, Its system of ignition by an electrical induction coil— 
powered by an accumulator and fitted w ith a rotary contact-breaker, 
driven from the engine, to ensure that sparking occurred at the right 
point in the four-stroke c^^cle—was soon widely adopted by other 
manufacturers. Tlie spark itself was produced in a removable plug, 
of essentially modem design, fitted into the c> linder-heod* The car¬ 
burettor w^s of the surface type, similar in principle to that of 
Daimler's engine, except that voladlizadon wws assisted by the heat 
of the exhaust and there was a shutter that serv'ed as a choke to con¬ 
trol the admixture of air. 

After 1893 Daimler, and subsequently other manufacturers, used 
the modern float-feed carburettor (Fig, 301) invented by Wilhelm 
Maybach. The petrol level in the chamber of this carburettor is kept 
constant by a float working a needle valve. The float-chamber com¬ 
municates^ through a verj' fine jet, with the inlet of the cylinder: the 
sucrion from the cj^lindcr causes an exceedingly fine spray of petrol 
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to be injected into the w-intake. Up to the First World War the only 
other alternative to the original surface-type and the float-feed car¬ 
burettor was the Lanchester wick-carburettor fitted to Lanchcster 
engines, which we shall consider later, from 1857. In this, air was 
drawTi over a scries of wicks dipping into a small chamber constantly 
replenished from the main fuel tank. 

Within the period now' under consideration, only single- or twin- 
cylindered petrol-engines w'ere in use' muldple-cylindered engines 

came into general use much 
later. Although, as we have seen, 
Daimler introduced a twin- 
c>'lindered engine in 1SS9, the 
design of such engines presents 
considerable engineering prob¬ 
lems. The fundamental diffi¬ 
culty is that with a four-stroke 
engine there is only one power 
stroke for every two res'oludons 
of the cranbhaft. From the 
it is desirable, supposing that the 
each other, that one piston should 
effect of this, however, is that the 
crankshaft receives power impulses in two successive half turns, but 
receives no power impulses at all during the next full turn. This can 
be overcome if the pistons rise and fall together—one making the 
first stroke of the cycle: while the other makes the third—but this 
throws the engine out of balance and imposes excessive strain. A 
solution, but one not widely adopted because it has attendant diffi¬ 
culties, is to use horizontally opposed cylinders. Within the period 
in question, other ingenious devices were used by a number of 
manufacturers, of whom perhaps the most successful was F. W, 
Lanchcster. His engine applied the principle of horizontally opposed 
Cji'linders, hut instead of one crankshaft there were two, one above 
the other ^Fig, 3^^)- Each piston was connected to both crankshafts, 
which carried separate flywheels, but which w'cre geared together so 
that they turned in opposite directions; the chain-drive to the rear 
axle was, of course, taken from only one crankshafL 
Most early engines were air-cooled i Diesel, as we have seen, paid 
particular attention to keeping the engine temperature low in order, 
among other things, to obviate the need for a cooHng system. The 
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cooling effect of the air can be incrrascd by increasing the externa L 
surface area of the qlinder by means of ftns, and the draught 
resulting from the vehiclc^s own motion also assists 1 and can if 
necessary be increased by a fan, as in the Lanchcster engine^ The 
drculation of the lubricating oil—effected by hand-pumping on 
many early cars but already mechanized in the first Lanchester 
— al^ promotes cooling. Additional cooling by means of a water- 
circulating system had, however, also appeared before 1900: it was 



Fia 301 , Twin-cylinder Lanthesier engine, 


a feature of Henry Ford's first motor-car of 1S96 and also of early 
Lanchesiers, though not of the original model. 

CONCLUSION 

Such, in brief, was the main line of evolution of the internal 
combustion engine up to 1900, by which time many tens of thousands 
had been constructed. Although its full social impact w'as not felt 
until the twentieth centurj, it is to be noted that all the fundamental 
problems had been solved' it is fair to say that a modem motor-car 
engine contains no feature that would surprise a nineteentL‘^^entu^y 
engineer. The greatest change has been from custom building to 
mass production, and e^ en the latter lies only just beyond our period, 
for the Ford Motor Company w^as founded in 1903 (p. 395). 

\ Yer)' significant feature of the evolution of the internal com¬ 
bustion engine in general, and of the petrol-engine in particular, is 
the relatively small contribution made by British engineers; Lan- 
chestcr is a conspicuous exception. This becomes all the more strik¬ 
ing if comparison is made with the history of the steaiTM^ngine. The 
way in which Continental and American inventors outtumbered 
British supports the general thesis that the Great Exhibition of 1851 
marked the dinm of Britain's inventive supremacy. 
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THE ELECTRICAL INDUSTRY 


HrSTORICAL INTRODUCTION 

AS we have seen, the gfcat majority of technological developments 

/% were the result of empirical discoveries by practical men: 
J- A. indeed, it has been remarked already that until comparatively 
recently technology contributed more to science than science to 
tcchnolog)'^ The electrical industry is exceptional in that its birth 
and development were the direct consequence of scientific research; 
moreover, the date of transition Irom experimental science to useful 
industry can be fairly accurately set. The key event was the practical 
demonstration of electromagnetic induction by Michael Faraday, 
announced to the Royal Society on 24 November i8ji: within a 
very short time electromagnetic generators w^ere being manufactured 
commercially. While our main concern here must be wnth practical 
applications, it is necessar}' first to put the subject in perspective 
by a brief consideration of the events that led up to this historic 
discover)'. 

It was knowm at a very early date that if amber {cithtron in Greek) 
Is rubbed, it acquires the power of attracting certain very light 
Wies, such as feathers or scraps of paper. William Gilbert, phy¬ 
sician to Queen Elliabeth I, and famous for his De Mugriile^ a com¬ 
prehensive treatise on magnetism to which little could be added for 
two centuries, knew of some twenty substances w'hich exhibited the 
same curious property as amber. He concluded that the ‘effluvium* 
responsible for the phenomenon was widely distributed. 

Philosophers of the seventeenth and eighteenth centuries found 
the phenomenon interesting and established some of the properties 
of static electricity, that is, an electric charge as distinct from an 
electric current. In 1660 von Guericke invented a frictional machine 
to generate a continuous supply of eleoricity. Shortly afterwards 
Franos Hauksbee demonstrated that charged bodies may repel as 
well as attract each other, and in 1729 Stephen Gray made the very 
important contribution of distinguishing bet>vecn conductors (mainly 
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metals) and non-conductuis* In the 1730^8 the French physicist 
Charles Du Fay discovered that elcciridty induced by rubbing 
could be of tu'o klnds^ now called positive and negative respectively, 
while in 1754 John Canton, a weaver's apprentice who became a 
Fellow of the Ro^'al Society, put the science of electricit}’' on a 
quantitative basis by devising an instrument to measure electricity, 
based upon the repulsion of lilcc-charged balls of pith suspended by 
threads. This important instrument was standardized by the Italian, 
Alessandro Volta, so that investigators in different laboratories could 
compare results, and was redesigned, as the gold-leaf electroscope, 
by Bennet in 1787; the electroscope enabled Canton to show that 
a charged body induces a charge on any other that it approaches. 

Meanwhile, Musschenbrock had Invented the ‘Leyden jar*, by 
means of which substantial quantities of electricity could be ac¬ 
cumulated from an electrical machine and then rapidly discharged: 
such a jar Is, in effect, a large condenser. In Philadelphia, Benjamin 
Franklin, by flying kites during thunderstorms and obtaining sparks 
from the end of the cord to w^hich they were attached, identified 
lightning as an elcctrica] discharge. These experiments led to the 
Invention of the lightning conductor, soon widely used to safeguard 
buildings, especially munitions stores and others of a particularly 
vulnerable nature. The disa)%'ery resulted in a curious interplay 
betw^een science and politics. There arose a controversy, w'hich ought 
to have been settled by experiment and observation, as tO' whether 
the tips of lightning conductors should consist of points or knobs, 
Franldin rightly advocated points, but when the American colonies 
revolted, w'ith Franklin prominent among the rebels, George III 
allow'ed himself to be drawm into the quarrel and supported the use 
of blunt-bended conductors. He went so far as to try to Induce the 
Royal Society to support his view\ but the President, Sir John 
Pringle, despite the dangers of offending the Society*s ro>^l patron, 
stood finnly by scientific principle and made a classic reply; ‘Sire, 
I cannot reverse the laws and operations of nature/ Franklin, who 
was then in France negollating the famous alliance that ensured the 
success of the rebellion, expressed the hope that George III would 
bring the thunder of heaven upon himself by dispensing w'ith light¬ 
ning conductors altogether. 

At this time other important research was being carried out in 
Italy. Luigi Galvani's experiments on the tvntching of frogs' legs, 
which he wrongly attributed to a spedal form of animal electricity, 
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attracted the attention of Volta, who showed that the source of the 
electricity in the experiment was, in fact, the contact between two 
different metals in a solution. From this de\'eloped the voltaic pile, 
consisting of alternate pbtes of silver or copper and zinc—a choice 
made as a result of s>'stematic experiment—separated by flannel or 
paper soaked in brine. This discover)' w'as communicated to the 
Ro)'al Society in 1800: its enormous importance lay in the fact that 
it provided a simple and convenient source of a continuous electric 
current and thus greatly facilitated experiment. An electric batter)' 
of this kind is essentially a machine for converting the energ)' 
released in chemical reaction, which w'ould normally appear largely 
as heat, into electrical energy. Within a matter of months, large 
electric batteries were being built in many laboratories on Volta’s 
principle, and with its help a series of important discoveries was 
made. Water was easily decomposed by the electric current into 
hydrogen and ox)'gen, providing anaUtical proof of its composition 
to support the conclusions of Lavoisier, reached by methods of 
s)nthcsis. Using the great pile built for the Royal Institution in 
London, Humphr)' Davy isolated by clcctrol)'sis a whole series of 
new metals—first potassium from potash, and then sodium, barium, 
strontium, and magnesium. In 1802 Davy noted that when a spark 
is continuously struck between two pieces of carbon a brilliant light 
is emitted: this is the principle of the arc-lamp (p. 630), although its 
practical development had to await a cheaper source of electricity’. 
It was also obser\’ed that an electric current heats the conductor 
through which it passes, a discovery put to practical use later in 
the incandescent filament lamp. 

Of more immediate importance to the development of the elec¬ 
trical industr)', the Danish physicist, H. C. Oersted, described in 
1820 the magnetic field that surrounds a conductor cany'ing an 
elcctnc ^rrent. In Paris A. M. Ampere almost at once put this 
observation on a quantitative basis, establishing the relationship 
between the strength of the magnetic field and that of the electric 
current that produces it. It was also established that movement of a 
continuous conductor in a magnetic field causes an electric current 
to flow in it. In such wa)’s the fundamental relationship between 
electricity’ and magnetism was established, but there remained the 
vital step of turmng the relationship to practical use: this step was 
taken by Faraday. In September 1831 he used the interaction of 
elcctnc and magnetic fields to produce mechanical motion. First, 
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on 3 September, he made a wire carrying an electric current circle 
round a fixed magnet; on the following day he made a magnet 
circle round a wire carrying a current. Although Faraday’s device 
w*as purely cxpcrimenul, and was not intended for practical use, 
it represented a ver>' big step forward. Not only had he devised the 
first electric-motor but — because a dynamo is essentially an electric- 
motor working in reverse — he had pointed the way towards the 
conversion of mccham'cal into electrical power. Although many 
practical difficulties had still to be solved, the de\'elopment of the 
modem electrical industiy’ became possible. 

From this point, the stoiy’ of the rise of the electrical industry 
in the nineteenth century may conveniently be told under three 
main headings: generation, distribution, and utilization. 

THE GENERATION OF ELECTRICITY 

Before considering the magneto-electric generators that resulted 
from Faraday s discoveries, the storj' of the electric battery may be 
concluded. As we have seen, the original voltaic cell gave a great 
stimulus to the experimental study of electricity. Nevertheless, it 
had serious imperfeaions, among which were the strong tendency 
of the voltage to fall, due to accumulation of the products of chemical 
reaction, and the steady dissolution of the expensive copper plates. 
Of various improvements, the first major one w-as the Leclanchc cell 
of 1866. In this, the rw'o electrodes consist of rods of carbon and 
zinc respcaively, immersed in a solution of ammonium chloride: 
the familiar ‘diy ’ batter)', introduced towards the end of the century', 
is based on the same principle. The Leclanche cell was excellent for 
supplying intermittent current as it would remain active for long 
{periods without attention, but still possessed the defect that the vol¬ 
tage fell on continuous use. The growing needs of the electric tele¬ 
graph (p. 624) for a reliable cell, giving constant voltage and capable 
of prolonged output, led to the development of a cell that had been 
invented by J. F. Danicll in 1836. In this, the electrodes are of 
copper and zinc, each dipping into a different electrol)Tc—solutions 
of copper sulphate and sulphuric acid respectively—separated from 
each other by a porous pot. The Danicll cell was improved in 1853 
by J. C. Fuller, who prolonged its life by using zinc sulphate in place 
of sulphuric acid; in this form it was much used for telegraphic pur¬ 
poses until replaced by a chromic-acid cell in the 1870’s. For tropical 
use, the Danicll cell was developed in 1862 as the Minotto cell. 
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The cells we have hitherto considered are what are called primary 
cells. Storage cells or accumulators, which can be charged from some 
ocher electrii^l source and discharged as required, derived largely 
from the work done in the iS6o’s by a Frencbman, R. L* G* Plante: 
his batteries w'ere demonstrated in 1878 and c^me into use about two 
years later. The Plantd cell consisted essentially of lead electrodes 
in the shape of large places immersed in sulphuric acid. On charging, 
the positive plate became coated with lead peroxide; on discharging, 
the chemical reaction w'as reversed* By a complicated system of 
charge and discharge the electrodes w^ere made ^spongy\ so increase 
ing their effective surface area and consequently the electrical capa¬ 
city of the cell. This electrical Torming" of the places was obviated by 
another French inventor, Faurc, who applied a paste of sulphuric 
acid and red lead to them; later inventors devised improved methods 
of causing the paste to adhere. By the iSSo's storage batteries w'ere 
being used for such purposes as lighting railway carriages and pro¬ 
pelling road vehicles (p* 390). A serious limitation, how^ever, was 
their weight: in 1888, for example, a 660 ampere-hour accumulator, 
designed for general lighting purposes, might weigh as much as 
ewi- 

Although batteries were, and indeed remain, an extremely con¬ 
venient source of electricity for a great many purposes, the w'ide- 
spread use of electricity for heat, light, and power depended upon 
the development of mechanical methods of generation. The first 
mechanical generator w^as shown in Paris within a year of Faraday 
reading his classic paper to the Royal Society in 1831 by an instru¬ 
ment-maker, Hippolyte Pixii, in whose hand-turned generator the 
coils w'ere fixed and the horseshoe magnet rotated* But before another 
year had passed, a machine w'as demonstrated at a Cambridge meet¬ 
ing of the British Association for the Advancement of Science in 
which the opposite principle, namely rotation of the coils relative to 
a fixed magnet, was utilized; this is now general practice. From 1S34, 
at latest, rotating-coil generators w^ere being made commercially in 
London. 

The earliest generators produced alternating current: that is, the 
direction of flow constantly reversed, w ith a frequency depending 
upon the speed at which the machine was turned. This w'as looked 
upon as a most serious disadvantage—partly, at least, because all 
workers W'cre accustomed to working with the direct current provided 
by batteries—but towards the end of the centurj' it was realized that 
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for large-scale use altemiting oirrent had decisive advantages 
over direct (pp. 615-16). For the time beings however, the problem 
of ihc conversion of alternating into direct current wus solved 
by the invention of the mechanical commutator: a commutator 
designed by Amp^e fitted to an early generator made by Pixii 
(Fig. 303). 

Other developments quickly followed. A simple rectangular coil 
rotating in a magnetic field produces current whose voltage fluctuates 
considerably^ in accordance with the speed of 
rotation. To obviate this» a combination of 
coils, the armature, was devised: as the maxi¬ 
mum voltage was generated in each coil in 
succession, the irregularities were largely 
evened out, and at a gi ven speed of rotation a 
fairly constant voltage could be generated. By 
1825, electromagnets, excited by batteries, 
were being used by William Sturgeon, founder 
of the first English electrical journal, yinnaJs af 
Electricity^ as alternatives to permanent mag¬ 
nets. From this there sprang a further develop-- 
ment of the utmost importance, namely the 
principle of sclf-cxcitation. In 1855 the Dan¬ 
ish engineer, Seren Hjorth, obtained, but 
never exploited, a British patent showing a 
clear realization that, once the machine had been started, the electro¬ 
magnets could be activated not by external batteries but by diversion 
of part of the electricity generated; the initial excitation was, how¬ 
ever, to be provided by permanent magnets. Ten years w ere to elapse 
before it was realized that electromagnets possessed enough residual 
magnetism in their soft-iron cores to provide the magnetic field neces¬ 
sary to start output from an electric generator. The discovery' of the 
principle of self-excitation is attributed to C. F. Varley (Fig^ 304), 
who disclosed it in a patent that was filed at the end of 1866 but not 
published until the summer of the following year. In the meantime, 
Werner von Siemens—reputedly the originator of the w'Ord ^dynamo* 
—had demonstrated the principle to the Berlin Academy of Sciences, 
and his brother William had shown it to the Royal Society in London; 
at this last meeting Charles Wheatstone also demonstrated a generator 
working on the same principle. Other inventors were working on the 
same idea at the same time. Henry Wilde, an electrical manufacturer 
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whose ideas stimulated Siemens, almost completely enunciated the 
self-excitation principle in a paper read to the Ropl Society in 
April 1866, and later in the same year an American inventor, Moses 
Farmer, wrote to Wilde in terms which indicated that he too had 
independently discovered the principle. Qaims have also been made 
that as early as 1861 the Hungarian ph)'5icist Anyos Jedlik had em¬ 
ployed the principle at Budapest in an cx{>erimental machine. The 
details of these claims need not concern us here, where it suffices to 
state that self-excitation was firmly established by 1866. The im¬ 
portance of this discovery was that it made the electric generator 
self-contained: that is, a machine that had only to be rotated to 
produce clectricit)' for as long as desired. With the application of a 



Fia 304. Sclf-cxdted generator of C F. Virley, 1866 


Steam-engine to rotate the armature, convincingly demonstrated in 
England in 1857 in connexion with the generation of electricity to 
supply arc-lamps for lighthouses (p. 630), the large-scale use of 
electricity was brought a step nearer. 

There were, nevertheless, important technological improvements 
still to be imde: in particular, generators capable of giving satis- 
factor)' scr\'icc over long periods had still to be designed. An im¬ 
proved armature was provisionally patented by Werner von Siemens 
in 1856, and was extensively used although it had inherent defects: 
it generated so much heat—representing waste of power—that on 
large machines water-cooling was necessary. A better, ring-shaped 
armature was devised in i860 by an Italian physicist Antonio Paci- 
notti,^ but the description he published four years later attracted 
surprisingly little attention. Much more decisively important in its 
practical wnsequenew was the similar ring-armature of Z. T. 
Gramme, introduced in 1870: Gramme dynamos, mainly designed 
m be driven by steam-engines, could supply current continuously 
without overheating and within a few years were in wide use. 
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305. Gnmunc’i ring>amia> 
mrc, 1870 


Gramme’s ring-armature (Fig. 305) was improved by Emil BUrgin 
of Basle, by R. E. B. Crompton in Britain, and by the Swedish 
engineer Jonas Wenstrom. In Germany, the Siemens & Halske 
Company replied to the challenge of 
Gramme’s design by introducing the 
drum-armature (Fig. 306), which 
c>’cntually replaced the ring-arma¬ 
ture. In the i88o’s the young Fer¬ 
ranti, following an earlier suggestion 
by William Thomson (later Lord 
Kelvin), designed an armature with 
a continuous winding of copper w ire. 

Meanwhile, the possibilities of the 
arc-lamp for lighting streets and large 
buildings, and more particularly of 
Edison’s and Sw’an’s hlamcnt lamps 

(p. 634) for domestic use, had—together with the growing needs 
of industr}'—made necessarj' the design and construction of elec¬ 
tric power generators of substantial size. Before describing these, 
howe\'er, it is convenient to consider a remaining difficult}’ which 
excited much controvers)'. The earliest generators, it will be re¬ 
called, were regarded as unsatis¬ 
factory because they provided 
alternating current, and com¬ 
mutators, not infrequently a 
source of trouble, had to be 
employed if direct current was 
required—as, for example, for 
electrochemical purposes. By 
the 188o’s, however, it was being 
increasingly realized that alter¬ 
nating current had definite 
practical ad\antagcs. A major 
factor was that for long-dis¬ 
tance transmission, power losses 

were much less for high voltages than low, and for technical reasons 
high-voltage direct-current generators presented great difficulties 
in construction. Conversion of alternating current from high vol¬ 
tage to low for ordinarj’ use was easily effected by a transformer, 
the principle of which had been elucidated by Faraday in 1831, 



Fig. 306. Dj-nanio with druiix-vnunire, 
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although some fifty years elapsed before it came into general use. 
On the other hand, the coupling of alternators in power-stations 
presented great practical difficulties. The argument took a decisive 
turn in favour of alternating current when, in 1893, George West- 
inghouse—a strong American protagonist of the s}'stem—adopted 
it for the first hydro-electric generators at Niagara Falls. Even so, 
much direct-current plant was installed and even today, when alter- 



Fio. 307. Dqxford power-sutioo, 1889 


nating current is almost universal for general use, isolated pockets 
of direct-current mains supply still exist. 

We have already seen (p. 510) that the dc\'elopment of the gas in¬ 
dustry W'as much influenced by W insor’s realization that the future 
lay not with local generation but with distributing gas from large 
central works. In the electrical industry Ferranti occupies a position 
a^ogous to that of Winsor in the gas industry eighty years earlier: 
his advocacy of wide distribution at high voltage found practical 
expression in 1889, when the power-station he had designed and 
built at Deptford for the London Electricity Supply Corporation 
came into operation (Fig. 307)* plant included four io,ooo-h.p. 
steam-engines, driving io,ooo-volt alternators, and two 1,250-h.p. 
engines, driving 5,000-volt alternators. Ferranti also fathered 176 
inventions, including an alternator, cables, and an electricity meter 
to measure consumption by his company’s customers. 
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The Deptford power-station was the prototype of modem in- 
stalladons, but it was not the first substantial one. As early as 1875 
a Gramme generator was installed at the Gare du Nord in Paris 
to supply power for arc-lamps, and in the same year a mill at 
Miilhausen and the Mcnier chocolate factory (p. 414) at Noisiel- 
sur-Mame were among other concerns that adopted the sj'stem. 
Wanamaker’s store in Phibdelphia installed a generating pbnt in 
1878 so that it could be illuminated with arc-lamps; in New York, 
Edison's Pearl Street generating station (Fig. 308) was in operation 
in 1882. In London, the Holborn Viaduct plant was opened a few 



Fig. 308. Pearl Street generating itation. New York, 188a 


weeks before the Pearl Street station, and the installation of arc- 
lamps at the Gaiety Theatre in the same year widely advertised the 
capabilities of contemporary generators. In 1883 a small power- 
station—taken over by the London Electricity Supply Corporation 
—w'as built to light the Grosvenor Galleiy’, and surplus electricity 
w’as sold to local consumers; a power-station to meet local needs in 
Brighton was built in 1887. 

In the account of the steam-engine (Ch. 11) it was pointed out that 
Parsons began to experiment with turbines primai^y because the 
electrical industry required for its dynamos engines capable of a 
higher speed of rotation than seemed possible w ith the reciprocat¬ 
ing steam-engine; in 1888 his first turbo-alternator—working at 
4,800 revolutions a minute—was installed in the Forth Banks power- 
station. This had an initial capacit)’ of 75 kW; by 1900, however, he 
had built two i,ooo-kW turbo-alternators for Elbcrfeld, Germany. 

Meanwhile, the growing demand for electricity caused attention 
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to be turned to the possibilit)' of utilizing one of the oldest sources 
of mechanical power, the water-wheel, whose early development has 
been described elsewhere (p. 311). This had been dramatically 
improved by Benoit FoumeyTon in 1827 with his outward-flow- 
water-turbine, which gained him a prize from the French Societe 
d’Encouiagement. One of his earliest machines operated at 2,300 
r.p.m. under a water head of about 350 ft. Such heads of water were 
not common in Europe, how’c\’cr, and there Foumeyron’s machines 
were displaced by Jonval’s more suitable axial-flow turbine, intro¬ 
duced in 1843. This was followed by the inward-flow turbine, which 
was conceived by Poncclct in 1826 and built in crude form by Howd 
in New- York a dozen years later; it was much improved by James 
Francis and by James Thomson, who developed the vortex wheel 
in 1852. About 1870a British mining engineer, Lester Pelton, working 
in the Californian gold-field, discovered—follow ing an accident to a 
simple water-w heel—that fast and pow-erful wheels could be worked 
by directing high-pressure water jets at hemispherical cups placed 
round the cirwmferencc.Within twenty- years a 500-h.p. Pelton wheel, 
worked by a jet fed by a 400-ft head of water, was in use in Alaska. 

The first gr^t hydro-electnc installation—designed to have an 
ultimate capacity of 200,000 h.p.—was commenced at Niagara in 
1886, after some sixteen years of planning. It was originally intended 
to equip it with Jonval turbines, but in the ev-ent two FoumeyTon 
outward-flow wheels, each generating 5,500 h.p., were originally- 
used by the Niagara Falls Power Company in 1895. Very soon, 
however, turbines of the Francis ty-pe w-ere adopted. Jonval axial- 
flow turbines were also in use there at an early date. 

While hydro-electric schemes became increasingly- important, their 
successful operation demanded both an exceptional combination of 
local circumstances and, as a general rule, very considerable capital 
outlay. At the end of the nineteenth century-, coal-fired steam-engines 
w’ere still the main, and not very economical, prime movers in elec¬ 
trical power-stations: in the following thrw decades output per 
w-orker in American power-stations w-as trebled, and in the third of 
those^ decades^ alone coal consumption per unit of electricity gener¬ 
ated in America and Britain fell by almost 44 per cent. 

DISTRIBUTION 

As we have seen, the i88o*s saw the beginning of general recogni¬ 
tion of the economic advantages of central power-stations generating 
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dcctricit>' at high voltages and serving large areas : acceptance of 
this ptincipk brought with it new problems of distTibudon^ both 
practical and economic. The disdnction betviecn conductors and 
insulators had been made in the eighteenth century, and the insu- 
larion of wires for electrical work became an important part of the 
task of the early invesdgators. The high conductivities of merals, 
especially copper and silver^ were recogniicd at an early date and 
wires of these metals — and of the cheaper, but more easily corroded 
and less highly conducting, iron — were widely tiscd^ For some pur¬ 
poses the insulating properties of air were sufficient, so that it was 
necessary tO’ provide insulation—for example, glass, ceramic, or 
sulphur — only at the points of support. Continuously insulated 
wires were, however, increasingly demanded, and at first these w-ere 
made by laboriously winding them by hand with silk or cotton and 
then coating them with protective varnish. By the 1840^, however, 
other insulators and methods of mass-producing insulated wires 
ivere being used, the development of the electric telegraph (p* 626} 
providing a powerful stimulus. From the 1850*5 the expansion of the 
electrical industry in general, and of the electric telegraph in par¬ 
ticular, called for enormous numbci^ of porcelain insulators for 
telegraph-poles, and from i SS8 ceramics based on steatite began to 
be used for the same purpose. Towards the end of the century oil- 
sealed insulators began to be used to prevent leakage at high vol¬ 
tages through surface films of moisture. 

For underground cables, necessarj'^ in most urban areas because 
the authorities w’ould not allow overhead ivires, Hancock in 184S 
invented a machine that continuously coated wire with gutta-percha 
(obtained from the pereha tree in Malaj^)^ within a short time means 
had been found for enclosing se%'cral wires, each insulated from the 
others, widiin a single gntta-percha sheath. But gutta-percha was not 
very satisfactory as it was liable to perish. Vulcanized gutta-percha 
■was introduced in 1S50, but dJificultlcs arose from corrosion of the 
copper by the sulphur used in vulcanization (p. 527), and in the 
follow'ing year attempts were made to insulate telegraph wires with 
bitumen. Although this first attempt was not a success, bituminous 
substances were later widely used for power cables. As mechanical 
strength and rcsisranoc to abrasion and severe working conditions 
became increasingly important, armoured cable began to be used. 
Lead-covered cable was introduced in 1850; for less exacting con¬ 
ditions fabric coating was used. The modem practice of identifying 
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the elements of a multi-strand cable by giving each strand a different 
colour was begun in 1852. 

By the end of the century, india-rubber had become accepted as 
the best, although relatively expensive, insulating material for 
general-purpose cables. As with vulcanized gutta-percha, difficulties 
arose through chemical combination betw'cen the copper wires and 
the sulphur in the vulcanized rubber, but this was overcome by 
tinning the wire before sheathing it. The particular problems of the 
Deptford power-station led Ferranti to explore the possibility of 
paper as an insulator for high-voltage w’ork: this very’ ambitious 
venture was embarked upon when there were not only no existing 
generators or transformers capable of operating at more than 2,500 
volts, but no cables suitable for distribution of the supply. Ferranti’s 
experiments with conductors consisting of concentric copper tubes, 
separated by spirally-wound waxed paper, proved so successful that 
this design became standard practice for many years. This type of 
cable had certain intrinsic ad\antages apart from that of fulfilling 
the heavy duty required of it. It was particularly suitable for use 
with alternating current because it had a much lower electrostatic 
capacity than was easily obtainable with any other insulating material. 
Moreover, the concentric dcsi^ had the advantage that the cable 
had no inductive effect on neighbouring telegraph, telephone, or 
other electrical installations—a major consideration as the electrical 
netw'ork beneath city streets increased in complexity. 

^ By the end of the century, three main systems of underground 
distribution of electricity were in use. In one, the cables, separated 
by wooden bridges, were completely embedded in bitumen in cast- 
iron troughs:^ a disadvantage of this system w'as that it w'as not 
possible to withdraw a cable in the event of a fault developing. If 
provision for w’ithdrawral was considered necessary, the cables were 
laid separately ^ough channels in 6-foot lengths of bituminous con¬ 
crete, itself an insulator: draw-boxes were provided at interv^als so 
that in the event of a failure the short length of cable affected could 

removed without disturbing the whole sj’stem. In the third system, 
the cable w-as heavUy protected so that it could be laid direct in the 
ground: the conductor was surrounded successively with paper, bitu- 
minized cotton, and lead, and then further armoured, generally with 
mwe bitumen, steel wire, and an outer coat of bituminized fabric. 

By the middle of the nineteenth centur>’ the demand of the elec- 
tncal industry for copper, a relatively expensive metal, had become 
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so considerable that serious attention had to be given to economizing 
in its use: the first Atlantic telegraph cable of 1858, for example, 
incorporated no less than 17,000 miles of stranded copper wire. In 
1881 Lord Kelvin, addressing the British Association for the Ad¬ 
vancement of Science, enunciated a scientific principle that could 
be used as a guide for the most economical construction of a conduc¬ 
tor. The foUowing year John Hopkinson, professor of electrical 
engineering at King^s College, London, patented the three-wire 
system of distributing direct current, w^hich provided a means of sup- 
plying two tw'o-wire circuits from a single generator operating at 
double the voltage required for either circuit, thus permitting a 
saving of copper of up to 50 per cent- Later attempts in the nine¬ 
teenth century to economize still further by using five-wire systems 
proved unsatisfactory for technical reasons. 

TELEGRAPHY AND TELEPHONY 

The relaying of visual signals from one station to another was 
carried out in ancient times; die smoke-signals of the Red Indian arc 
reminders that very' primitive means suffice for simple messages, 
Aeschylus, in the Agamemnon^ described the sending of signals by 
means of torches: his account b doubtless based on his experiences 
w'ith the Athenian army in the Persian wars. The Greek historian 
Polybius also describes communication by means of fire-signals, and 
seventeen centuries after his death the bacons that gave England 
warning of the Spanish Armada in 15S8 exemplify a method used in 
many countries to give early warning of danger. The special prob¬ 
lems of communication bemeen ships, or bctw'een ships and shore 
stations, led the future James II, while Lord High Admiral, to 
design a set of naval flag-signals, which w ere systematized by Kem- 
pcnfcldt and Earl Howe at the time of the great maritime wars 
against France in the last decades of the eighteenth century'. 

The possibili ties of such visual systems were much improved with 
the invention of the telescope, but telegraphy, in the modern sense 
of the term, is largely a product of the French Revolution, when 
French forces were fighting on many fronts and speedy communi¬ 
cation between the armies was a matter of the first importance. 
Among the ardent supporters of the Revolution was Claude Chappe 
w ho, in 1790, applied his mind to the problem of long-distance tele¬ 
graphy. Although he investigated the possibilities of the electric 
telegraph, his final recommendation was for a series of stations. 
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equipped with semaphore arras and telescopes and usually not dis¬ 
tant more than lo miles from each other, by which messages could be 
relayed according to a predetermined code (Fig. 309). In 1793 
Chappe became Ingcnieur-T<J 16 graphe, with instructions to set up 
a line of stations between Paris and llille! the first message—an¬ 
nouncing the recapture of Le Quesnoy 
—was passed in August 1794. Before 
the end of the centurj’ Paris had been 
similarly linked with Brest and Stras- 
bourg, and by the time the Chappe 
system was finally abandoned in the 
middle of the nineteenth century’ the 
network comprised some 3,000 miles. 
Reports from France led the British 
Admiralty to establish a similar system 
of stations — the main difference being 
that movable shutters were used in 
place of semaphore arms — betw'een 
London and Deal, and bter between 
London and Portsmouth: hence the 
Telegraph Hills of the Ordnance Sur¬ 
vey maps, then just beginning. A tem¬ 
porary break in the fighting in 1802 
led to loss of interest in these schemes, 
but a line of stations between London 
and Plymouth was completed in 1806. 
At about the same time, a semaphore 
^ • 1 , ^ sj-stem was installed in the United 

tates to connect an island off the coast of Massachusetts with Boston, 

>'~“'/'>ipping. As the primary demand (or 
“’B'n* •"''■“O' intelligence, it is not 

m Ming into disuse, although the line from London 

^the^ ™"™“">““on was, however, not neglected 

'“'"P''- hy varying the combinations of 
be passed ^ ***** standardized messages could quickly 

soeh visual systems could trans¬ 
mit messages surpnsmgly quicUy: it is said that a short message 
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could be sent from London to Deal within 3 minute. There were, 
howc^^cr, obvious Inherent disadvantages. The system was extremely 
extravagant in manpower: at its maximum, the French system in¬ 
cluded over 500 separate stations. It was, moreover, extremely 
vulnerable to climatic conditions, as poor visibility' over any one 
sccdoD of the route could seriously, if not completely, disrupt the 
exchange of signals. The semaphore system iustllied itself when swift 
communication was vital and expense was unimportant, but it was 
clearly of limited value for ordinary' civil purposes. 

The future lay with the electric telegraph, but the necessary 
stimulus for its development was not provided until the 1830*3, w'ith 
the expansion of the railway network in Britain.. The development of 
the telegraph is particularly associated with the names of William 
Cooke and Charles Wheatstone, but long before their time a v'ariety' 
of ingenious forms of electric telegraphic apparatus had been designed 
and demonstrated. Although most of these arc out of the main line 
of evolution they may be briefly mentioned. 

The first, and surprisingly detailed, reference to an electric tele¬ 
graph was a proposal from an anony'mous correspondent published 
as early as 1753 in the Scats Afagazine. This provided for nvcniy- 
six separate wires, corresponding to the individual letters of the 
alphabet, to be suspended between the transmitting and receiving 
station, the words of the message being spelt out in full letter by 
letter: as each wire vsns connected w'ith a machine generating static 
electricity, a corresponding pith ball could be moved at the receiving 
station. Le Sage put forward a similar scheme in the i 770*s (Fig. 
310)* A few years later, in Paris, M Lomond demonstrated a tele¬ 
graph similar to Le Sage’s but having the notable improvement of a 
single conductor instead of tw'cnty-six separate ones: the letters of the 
message were distinguished by a code. In 1795, in Spain, Francisco 
Salvi employed a multiple-wire scheme and his proposals attracted 
royal patronage. In further c.xpcrimcnts he reverted to single-wire 
w'orking and it h alleged, although the evidence is inconclusive, that 
an experimental line was established bediveen Madrid and ..Aranjuez, 
the spring residence of the royal family. Yet another electrostatic 
telegraph was devised by Francis Ronalds in London, and its working 
over 8 miles of wire was demonstrated in i8i6: the Admiralty, 
how'cvcr, informed him that they then had no interest in telegraphs 
of any kind. 

The advent of the voltaic battery, w'hich provided a far more 
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convenient source of electricity, brought electrica] telegraphy sub¬ 
stantially nearer practical realization. Among the pioneers of its use 
was a German inventor, S+ X. v'on Soemmering, w'hose equipment 
was based on that of Salvd^ In iSio he demonstrated his telegraph 
to Baron Schilling, one of the attaches at the Russian Legation in 
Munich, who was greatly impressed with its possibilities: so much 
so, indeed, that for many years he devoted a great deal of his time 
to its further development. The electric battery provided a con¬ 
venient means of transmitting a strong signal at will, but means of 
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recciv ing it were so primitive — SaH^ had even suggested utiliz¬ 
ing a shock experienced by the operator—that messages could be 
transmitted only very slowly. This obstacle was overcome when the 
relationship between magnetism and electneity was established. The 
discovery that an electric current flowing through a coil could cause 
a movement m a magnet suspended near by (p. 6io) was an event of 
peat importance to telegraphy, and quickly attracted the attention of 
both von S^merlng and Schilling. From iSaa Schilling experi¬ 
mented with a number of ckctromagnetic detectors (Fig. in) and 
devised a code for single-needle working, resembling that later pul 
L ^ ^uel Morse. In 1836 one of his instruments was seen 
> e in cidelbcrg, and from this stemmed the first successful 
large-scale system of electric telegraphy. 

On his return to England Cooke carried out various experiments 
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With an elecEfomagnedc telegraph* and was commissioned to install 
one on the Liverpoo^Manchester railway. Encountering technical 
difficulties, he consulted ^V^lcatstone* then professor of natural 
philosophy at King's College, London* who had himself been ex¬ 
perimenting with a similar form of electric telegraph. Recognizing 
the similaritj' of their interests, the two men entered into a partner¬ 
ship which was unfortunately marred hy constant quarrels con¬ 
cerning their relative contributions to the development of the 
invention. 

The partners obtained their first patent in June 1S37, and later 
in the same year they demonstrated a five-needle telegraph to the 
directors of the London and Birmingham railway* This demonstra¬ 



tion produced no immediate results, as the directors were not fully 
convinced of the value of the invention to them. The directors of 
the Great Western Railway were more discerning* and in 1838 Pad¬ 
dington and West Dranon were connected: four years later the 
telegraph was extended to Slough* This telegraph line, and its 
possibilities* attracted enormous publicity in 1845 when a suspected 
murderer w^as seen to board a London-bound train at Slough: the 
news was telegraphed to Paddington, and he was arrested on arrival 
and subsequently hanged* The receivers on this installatioa were of 
a two-needle kind (Fig* 312) requiring the message to be coded* 
Although Wheatstone altvays favoured receivers w^hich directly re¬ 
corded the letter being transmitted, it gradually became clear that 
codification was by fiir the mostsatisfictor}'system, and this gradually 
came into general use. For the code now universally used w^e arc in¬ 
debted to the American inventor Morse, who had experimented 
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independently since 1833^ HU earliest instruments were relatively 
crude, but after a first public demonstration in September 1837 
they were redesigned with the help of the ironmaster Alfred VaU. 

The later 1840’s were a period of expansion of the telegraph 
service, resulting in Britain from the success of the Paddington to 
Slough installation, and in the United States from Morsels good 

fortune in completing the first 
line, linking Washington with 
Baltimore, one day before the 
Democratic Convention met in 
the latter dty^ to choose its PresU 
dcntial candidate. On the Conti¬ 
nent, too, the importajice and 
convenience of the electric tele¬ 
graph were widely recognized. 
So great w^ere the demands on 
Cooke and Wheatstone that in 
1846 they formed the Electric 
'rdegraph Company, which with¬ 
in six years had installed some 
4,000 miles of telegraph in Britain. 
Jn the United States, four years 
after Morsels initial success in 
1S44, Florida was the only state 
east of the Mississippi w^hJeh 
the telegraph had not reached. 
Intensive competition between 
rival American companies ended with the formation of the Western 
Union Company in 1856^ in Britain, an Act of i 863 allowed the 
Postmaster-General to acquire, work, and maintai n electric telegraphs. 

Tdegraphic systems had also been dcv^cloping on the Continent, 
and it is not surprising that when London was linked with Dover in 
1846 Wheatstone suggested a submarine cable to France that would 
link London with the Europ<sn netw^ork: after one unsuccessful 
attempt in 1S47 and another in 1850 (Fig. 313), this project was 
finally realized in 1851. Among the results of this vi'crc that the open¬ 
ing and closing prices of the funds in Paris were knowai before the 
close of business on the London Stock Exchange. Within six years a 
more ambitious programme, the linking of Britain with the United 
States, was attempted. The storj' of the transatlantic cable cannot be 



Fio. 311 . Twiwi:ndle icicfraph bj 
Cooke tind Wheatstone, 1 B 4 J 


















22 TELEGRAPHY AND TEI.EPHONY fey 

told in dctiU here, but it is a reiiiarkablc record of triumph over 
practical and technical difiicitlties. In the first venture, in the summer 
of 1S57, the cable broke and lost after 300 miles of it had been 
laid. After a second failure, the two continents were successftilly 
joined in August 1S5S: but the cable broke down and after a few' 
weeks became quite unserviceable^ A redesigned cable, the first to 
be laid by the Great Eastern {p. 373), was lost in mid-Atlantic in a 
depth of 12,000 ft, though subsequently recovered. Not until 1866 
w'as final success achieved and a permanent and sadsfaciorv^ tele¬ 
graphic link established between the Old and the New Worlds. 



Fjo, 313. Cross-dunnel cablc-lajin^i August 1850 


By 1862 die world*s telegraph sptem covered approximately 
150,000 miles, including 15,000 miles in Britain, So,ooo on the Con¬ 
tinent, and 48,000 in America. Telegraph offices (Fig, 314) made 
possible the very speedy transmission of messages throughout the 
system. By 1872, wften the Mayor of Adelaide exchanged messages 
with the Lord Mayor of London, almost all the principal ddes of the 
world were linked together. 

The telegraph w^s devised to transmit messages, generally coded, 
w^hich had to be written by hand at the receiving end. A method of 
printing the message was invented by 1845, and was developed in 
the United States as ‘Housers printing telegraph** W'Tieatstone 
patented a printing telegraph in i860. The transmission of speech, 
however, presented quite different problems* Although an electric 
telephone was demonstrated in Germany as early as 1S61, the first 
practical instrument permitting commercial exploitation was that of 
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Alexander Graham Bell, whose invention was to some extent in¬ 
spired by the researches into the reproduction of sound made by 
the German physicist Her mann Helmholtz. In 1876 Bell patented 
his invention^ incorporating^ an electromagnetic microphone, and 
it was demonstrated to the British Association in the following 
year. The first telephone company in Britain was formed in 1878. 
Originally visualized as a means of oral communication between 
tw'o points, the telephone exchange—which in Britain first appeared 
in 1S79—made conversation possible between any pair of a large 
number of local subscribers. Inter-urban lines soon followed. 



Fi& 314. Ttle^ph office, Loodcxi^ 


MeanwhilCi a third and even more revolutionary method of com¬ 
munication by electrical means was being dcs eloped. In the latter 
half of the nineteenth century Faraday's experimental discoveries in 
electromagnetism were being translated into mathematical terms by 
Clerk Maxwell, whose theoiy, in its fully de\'eIoped form, w^as pub¬ 
lished in 1S73 in his classic &/t Elsctrksty and Magnetism. 

Maxwell demonstrated that the propagation of electrical dismr- 
bances resembles that of light, and he asserted the identity of the tw^o 
phenomena, concluding that *We can scarcely avoid the inference 
that light consists in the trans^^ersc undulations of the same medium 
w'hich is the cause of electric and magnetic phenomena’. Maxw^ell’s 
views were so unorthodox that many of his contemporaries had diffi¬ 
cult)’ in accepting them. Recognition of their validity ow'ed much to 
the work of a German physicist, Heinrich Hertz, who discovered the 
electric waves whose existence had been deduced by Maxwell as an 











































22 TELEGRAPHY AND TELEPHONY 619 

inevitable consequence of his theaT}\ On his appaintment as pro- 
fessor of physics at Karlsruhe in 1885, Hertz turned his attention to 
verifying' Maxwell^s theory by experiment He quiddy showed that 
a flow of current in one electrical circuit could result in a corre¬ 
sponding How in a similarly 'tuned” circuit not directly connected 
with the first. Waves radiated by the transmitter could be detected 
by the appearance of a spark at a small gap in the receiving circuit. 
Hertz proved the general simi¬ 
larity of electric and light waves, 
the essential difference being in 
the wavelength; W'aves of ap¬ 
proximately 24 cm wavelength 
were employed in bis own ex¬ 
periments. Hertz did not con¬ 
cern himself with the practical 
possihilides of his invention: 
not until 1S95 did Emest (later 
Lord) Rutherford transmit mes¬ 
sages over a distance of three- 
quarters of a mile at Cambridge, 
and it was not until the veiy end 
of the century that the experi¬ 
ments of Guglielmo Marconi 
put wireless telegraphy on a 
practical basis. Marconi used 
waves of approximately ^exj- 
3,000 metres w^avelength; not 
until very much later were re¬ 
latively short W'aves, such as 
Hertz had used in his laboratory experiments, used for long-distance 
communication. Marconi”s most spectacular achievement, the send¬ 
ing of a wifeless signal across the Atlantic, falls Just after the end of 
the period with w'hich we are here concerned, taking place on iz 
December 1901 (Fig. 315). 

ELECTRIC LIGHTING 

The basic principles on which electric lighting is based had been 
established at the very beginning of (he nineteenth century. As we 
have noted (p. 610), (Sir) Humphiy Davy, as early as i8oz, bad 
remarked the brilliant light that was emitted when an electric spark 
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was Struck bctw'cen two carbon electrodes. It was also known that the 
passage of electricity through a conductor caused the latter to be¬ 
come heated: this is the principle of the incandescent filament lamp, 
in which a conductor is heated to so high a temperature that it glows 
and emits light. Not until the latter half of the century, however, 
were these two discoveries turned to practical accounL 
As the arc-lamp is the earliest form of electrical illumination we 
may consider its historj' first, although the electric filament lamp had 
by fiu- the greater practical impoitance. For technical reasons, the 
arc-lamp is suitable only for large installations, and one of the earliest 
applications suggested for it was in lighthouses. I'he beginning of 
this application lies in the work of a French pioneer, F. Nollet, who 
proposed using the Drummond light in lighthouses. TTie Drummond 
light, better known in its theatrical application as the limelight, 
depended upon making a block of lime incandescent by hcadng it 
in the intensely hot ox}'hydrogen flame. It w'as invented in 1826 by 
an officer of the Royal Engineers, Thomas Drummond, who graduated 
from surv'ey work to an important position in the Irish adminis¬ 
tration: light signals were observed over a distance of more than 
too miles. Nollet proposed to generate the appropriate mixture of 
oscygen and hydrogen by the electrolytic decomposition of water. 

Nollet died in 1853 with his ambitions unfulfilled, and his financial 
supporters then sought the advice of an English engineer, Frederick 
Holmes. After some years of experiment the project was abandoned, 
but his interc^ in it led Holmes to a more practical and direct form 
of lighthouse illumination. Instead of using the electric current to 
decompose water, he sug^gested that it should be used for an arc, and 
in 1857 he staged a demonstration for the Brethren of Trinity House, 
I^ndon. His generator, of an expensive but very efficient design 
pioneered by the French engineer Baron A. de Meritens, was steam- 
driven and had an output of about t jf kW. The demonstration was so 
successful that full-scale trials were requested at once, to take pbee 
at the South Foreland lighthouse. The equipment was put into 
operation there with conspioious success in December 1858, and 
four years later Dungeness lighthouse, too, w'as equipped with arc- 
lamps. The arc-bmps used at the South Foreland were Duboscq’s 
improvement of a type originated by W. E. Staite in 1846. 

.'\mong the technical problems Staite had to overcome was that of 
preparing carbon of sufficient purity and hardness for the electrode. 
A further problem with ail carbon arc-bmps is that the electrodes 
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burn away, so that the gap betw^een them is variable and thus the in¬ 
tensity of the light changes. At first Staite tried to overcome this 
with a doctwork mechanism, but he soon changed this in favour of 
one driven by a foiling weight and tegukted—through the thermal 
ejqpanslon of a copper rod—by the heat of the arc, which inaeascs 
as the length of the spark increases. Later, in collaboration with 
W. Petrie, Staite made further improvements, but there was only 
slight interest because batteries were still the only practicable source 
of electricity for the purpose then generally 
available in Britain. Not until the dynamo had 
been further developed was a satisfactory 
source of poiver a\'ailable for arc-lamps: a 
number of large installations were completed 
both in Britain and on the Continent within 
a few years of the advent of Gramme^s ring- 
dynamo in 1871. 

In 1S76 an arc-lamp of new and improv'ed 
design was introduced by Paul Jablochkoffs a 
Russian army telegraph engineer w'ho had 
settled in Paris, In this, the carbon electrodes 
were vertical and parallel—instead of opposed 
end-to-end as in other types—and die arc was 
struck betw'een the tips of the rods. No mechanical regufodon was 
provided, the use of alternating current ensuring that the electrodes 
burned away at the same rate. In 1S77 eighty JablochkofF ‘candies’ 
(Fig. 316) w'ere introduced in a department store in Paris^ in the same 
year the West India Dock in London was similarly lighted, foiiowed 
by Billingsgate market, Holbom Viaduct, and part of the Thames 
Embankment. The performance of the lamps was further improved 
by using copper-plated carbon electrodes. Meanwhile, how'ever, the 
incandesoent-filament lamp, w'hich we will next consider, had been 
developed to such an extent that by the 1880k it was being sold in 
hundreds of thousands, with the result that, except for special pur¬ 
poses, the arc-lamp was superseded. 

The possibilities of incandescent-filament lamps attracted the at¬ 
tention of inventors from the 1840k: that some thirty yeare elapsed 
before such lamps came into use was due to the technical difiicuhies 
of their construction. Two major obstacles had to be overcome. 
Firstly, the filament had to be constructed of an electrical conductor 
that could be heated to incandescence without melting, and this 
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s^'crcly limited the choice. Secondly, as almost all substances com¬ 
bine with oxygen when so heated, the filament had to be enclosed 
in a high \’acuum, and satisfactoiy* means of achieving t his were not 
available to the early inventors. 

Staite demonstrated an incandescent-filament lamp in Britain as 
wly as 1847, but tbe filament, although it consisted of a high-melt¬ 
ing alloy of platinum and iridium, had a ver>' short life because of 

residual air left in the container; 
other contemporary inventors, 
using platinum filaments, en¬ 
countered the same problem 
and failed to solve it. Not until 
1865, when the mercury pump 
(Pig. 317) was invented, ^^-as it 
possible to obtain a satisfactory 
vacuum. This dc\'clopmcnt en¬ 
couraged Joseph Swan to re¬ 
sume experiments with carbon 
filaments that he had begun 
about 1847, when he had wit¬ 
nessed Staite’s demonstration 
and had become aware of an 
American patent, lodged by 
J. Starr in 1845, which in- 



Fia,3i7. Evacuation of electric lamp bulbs 
with a mercury air-pump, r. 1883 


eluded the use of mbon filaments. S,-an>s first carL-filamen^ 
Ump \ras made ">1848. but its life was too brief to be usefiji; his 
first samfaaoiy model was not made until 1878 (Fie. -118) the fila- 

-""ciriid cotton 

Ir Siia^ad d «*Penments with platinum, Edison 

^mca had det eloped lamps incorporating filaments made bv 

»rbonmng shvera of bamboo, this material Wng chosen becausi 

E^wn bche^that It gave a particuUrly strong filament (Fig.310). 

\\;hich«er type of filament was used-Edi^n's, in which X 
ongiiral structure of the carbonaceous material was deliberatelv ro 
tamed or Swan s, in which a dense homogeneous stnitSiro w^ 
sought^nuct had to ^ made with the external electriTsuppW 
through the evacuated glass container supply 

wires had ,0 be fixed Lo the '’'‘“"V"' 

material being dictated by the fact that it was'th ° i ** 
available whose e.xpansion on hearing is the same as that of glasiTf 
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the therm;d expansion were diJfcrcnt, some cracb*ng of the glass^ 
with fatal impirment of the vacuum, would be inevitable. 

Initially, Swan took no steps to patent his inventions; by contrast 
Edison, as with all his inventions, toot the fullest possible advantage 
of the patent laws. The result was that 
Swan, despite hts origmalJt)', found his 
way blocked by Edison. However, the 
balance was redressed when, made wiser 
by events. Swan patented in iSSo a process 
for removing the last traces of air from 
the filaments by ^flashing* them before 
the bulb was finally sealed: this gave 
longer life and diminished the internal 
blackening of the bulb, due to deposited 
carbon, that had quickly reduced the 
efficienc}' of early carbon-filament lamps. 

In 18S3 Swan likewise patented an im¬ 
proved method for the preparation of fila¬ 
ments, In this,cellulose was dissolved to form a syrupy liquid, w hich 
was then extruded through a fine nozzle into a coagulating bath. 
The resulting thread was then wound on 
formers, shaping it as a characteristically 
looped curve, and carbonized by baking. 

After some legal skirmishes, Edison and 
Sw'an recognized that their interests were 
better served by co-operation than by com¬ 
petition; accordingly, the Edison & Swan 
United Electric Light Company Limited wns 
founded in 1883. Until the original carbon- 
lamp patents expired in 1893 this company 
had a monopoly of manufreture in Britain, 
and potential competitors were driven to the 
Continent. Among those who took this course 
was C. J. Robertson, who had been associated bcn-fiiimrat Umji, ifiSi 
with another inventor, St George Lanc-Fox, 
a past experimenter with both carbon and metallic filaments. 
Robertson equipped and managed a number of electric-lamp fac¬ 
tories on the Continent. 

Surprisingly, in view of its later immense success, the possibilities 
of the incandescent-filament lamp were not at first generally rccog- 
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ntzedr in Germany, for cxiimple, Wcmcr von Siemens—keenly on 
the alert dtongh he must have been for new uses for his electric 
generators—^ieclined, even as late as iSSi^ an invitation to take up a 
European licence for Edison^s patents. The new type of electric light 
at first spread slowly, but then more quickly as its use in a number of 
well-known buildings demonstrated ics value* From 1881 the debates 
of the House of Commons were illuminated by incandescent lamps, 
and in the same year an elaborate instaliadou of over a thousand 
lamps was made at the Savoy Theatre, London. The new' fashion was 
followed next year by the British Museum and the Royal Academy. 
Its convenience for transport was soon recognized, both an ocean¬ 
going ship and a train being fitted with the new lamps in 1S81; 
but another five years passed before the first house-to-house in- 
stalladon in the United Kingdom w'as made in Kensington, London* 

The success of the carbon-fikment lamp did not deter inventors 
from seeking to make a satisfactory metallic filament, and by the end 
of the nineteenth century they had achieved a measure of success 
that brought the end of the carbon lamp in sight. One of its last 
strongholds was on board warships, where its resistance to the shock 
of gunfire prolonged the demand for it* For the reasons previously 
stated, the choice of metals waa extremely limited, and even when its 
physical properties were known to be satisfactory, the conversion 
of the metal into a sufficiently fine and uniform wire might entail 
formidable dilficuldes. In 1898 von Welsbach, pioneer of the incan¬ 
descent gas-manrie (p, 513), introduced filaments of osmium (melt¬ 
ing point 2,700^^ C.) and just after the turn of the centuiy tantalum 
(melting point 2,996® C.) was used. The future, however, lay with 
tungsten, with its much higher melting point (3,410® C)i although 
very inmactablc, this came into general use for lamp filaments about 
[911* 

By 1900 the supremacy of incandescent bmps over all others for 
domestic use was fully recognized: they were convenient, clean, safe, 
and relbble. Their adoption was, however, controlled by the rate of 
the dei.'elopment of public electric-supply services. Electric lighting 
was an accepted feature of urban life by 1900—though gas-lighting 
w’as still a competitor not to be ignored^but its penetration into the 
countryside was necessarily slow. 

With growing use of electric lamp^, produced in millions by the 
end of the century, attention had to be paid to the standardization of 
fittings* At finjt, connexion of the mains supply was made directly 


22 ELECTRIC LIGHTING 635 

to the protruding ends of the pktinum wires that supported the 
carbon filament. From the i88o*Sj however^ a clear disdnedon began 
to be made in British praedee^ on the one hand, and American and 
G)ndncnral practice on the other. Britain adopted the bayonet 
holder now familiar there, whiJe Edison from the beginning used the 
screw-type holder. By 1900 the fuse — made of low-meldng tin wire 
which would liquefr and break the circuit if the current exceeded 
a predetermined maximum—was in general use. 

THE ELECTRtC-MOTOIt 

As we have seen, the principles of the d>Tiaino and the electric- 
motor are the same: if an electric potendal is supplied to direct- 
current dynamos of the types we have considered, the armature will 
revolve* Indeed, in 1873 Gramme staged in Vienna a demonstration 
of two of his generatonj (p* 614) so arranged that either one would 
ser\ e as a dynamo to provide electricity^ to drive the other as a motor* 
For reasons of efliciency, however, the design of djmamos and motors 
must differ. Gramme’s machines were, in any event, suitable as 
motors only with direct current, whereas, as w^e have seen, alter¬ 
nating current gradually gained the ascendancy for large-scale genera¬ 
tion towards the end of the century* The first ahemating-current 
motor w^as invented in 1888 by Nikola Tesla, and ivas manufactured 
in America by Wesringhouse. 

For tiamw^ay and railw'ay traction work, how^cver, within the period 
wfith which we are concerned, the direct-current motor predomi¬ 
nated : even when the source of supply was alternating current, pre¬ 
liminary conversion to direct emrent was common practice* TTius 
on the Central London Railway each locomotive w*as fitted with four 
lacnh.p, direct-current motors* The initial source of supply was 
5,ooQ-volt alternating current, which w^as transformed down to 
305 volts at three sub-stations; this in turn was converted to 500-volt 
direct current, supplied to the locomotives through a third rail, of 
special high-conducting steel, supported on porcelain insulators* At 
the end of the century, this was looked upon as one of the most suc¬ 
cessful c.xamples of the application of clectridt}^ to traction achieved 
up to that time. 

A vet)' important feature of the electric-motor is its convenience: 
it can be operated wherever a cable from an electric supply can be 
brought. By the end of the nineteenth century the usefulness of this 
was beginning to be recognized an industry gcncraLly, The noisy and 
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cumbersome system of overhead shafiS;» invich pulleys and belts for 
every machine to be driven, began to give way to individual electric- 
motors for each machine, which might be of less than t apiece^ 
At first, the tendency was to mount the electric-motor a short dis¬ 
tance away horn the machine it was to drive, the pow'er being trans¬ 
mitted by a belt, but by 1900 some designers, especially of machine 
tools, had begun to incorporate electric-motors as an integral part of 
the machine. Some machines even incorporated several clectric- 
motors, each driving a separate part of the mechanism. 

In retrospect it seems surprising that the use of electric-power, 
which held such great possibilities for electrochemistry as wdl as for 
factory purposes and traction, should have developed so slowly up to 
1900 in all spheres except that of illuminadon^ The electrical in¬ 
dustry w’as important nowhere except in Germany—where Siemens 
& Halske had given it a flying start—Britain, and the United States; 
in the last-named country it employed in 1S99 only 42,000 wage- 
earners, a number that was to rise by 1929 to nearly 330,000. The 
reason appears to lie largely in a double difficulty. On the one hand, 
elcctncity did not easily come Into use industrially except in new 
branches of technology, because in Its early stages of development it 
could not compete on a cost basis with established steam-power as a 
prime mover. On the other hand, the use of electricity for lighting 
was characceri2ed by a short peak-period both in the day and in the 
year: average demand was often no more than 10 percent, of capacity, 
which meant that large-scale production was too costly in overhead 
expenses to be readily undertaken. After 1900 the growth of electric 
traction—where the far-sighted Werner von Siemcris twenty-one 
years before had pointed the way (p, 383), and where the neW'^Jty le 
electric locomotive was the equal of the locomotive steam-engine in 
efficiency and in some respects its superior-—-was an important factor 
in spreading the load throughout the twenty-four hours. 


23 


PRINTING, PHOTOGRAPHY, 
AND THE CINEMA 


N the present chapter wc are to consider three forms of tech¬ 



nology which arc clearly distinguishable from most of the sub- 


JL jects discussed in this book by the fact that their impact is not 
direct but indirect* their indirect effect being* indeed* enormous. 
At the present day the avadabiiity of cheap mechanically printed 
books and papers is a big, often the biggest, fector in the spread of 
any new tcchnolog)". By 1900 photography, at first designated merely 
as ^the new art\ was already playing an indispensable part not only 
in science and medicine, but in the whole field of industry and com¬ 
merce. As for cinematography* although its special interest lies in the 
fact that it is one of the few art forms created by the machine age, 
and Its growth has been stimulated mainly by the needs of enter¬ 
tainment, this too has made a considerable contribution in recent 
years to the researches upon which technological development in¬ 
creasingly depends. 

But in treating these three together it is important to bear in mind 
the broad historical distinction. In the age of E>r Johnson, printing 
was already 300 years old, and from the point of view of the user, as 
distinct from the maker, the printed book was a phj^ical product 
not essentially different from the books we read today. Photography, 
on the other hand, was a creation of the nineteenth century; indeed* 
a period of only fi% years spans the gulf between the first daguerreo- 
and the Kodak snapshot. As regards the cinema, it is an instance, 
like that of the motor-car, in which the essential technological in¬ 
ventions belong to the late nineteenth century but the main social 
impact to the twentieth century: the first public screening of a film 
as w'c know it today was in 1 895- 

THE CASTING AND SETTING OF TYPE 

There had been no basic changes in the w orking of a printing-pr«s 
between its first inception and the early nineteenth century. Printing 
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was an industry where, in Britain at least, the seven-year apprentice¬ 
ship was strictly enforced, but the proportion of apprentices to 
ioumeymen was so high that there was plenty of unemployment 
among the latter, while the former—some of w hom began work at 
the age of nine—often served as labourers rather than trainees. In 
the first three centuries of its existence the rate of output of the press 
is estimated as having increased threefold, or {>erhaps as much as five¬ 
fold, but the average qualit)' of the printing deteriorated. Each letter 
was still both cast and set by hand, and the maximum speed of an 
expert founder was about six letters a minute, which is very roughly 
equi\alent to ten minutes for a line, or more than half a day’s work for 
a page. Nevertheless, neither t}’pe-casting nor tj'pe-setting machines 
made rapid progress because of the opposition of a relatively well- 
organized body of workers. 

The first effective type-casting machine was an American inven¬ 
tion of 1838, operated either by hand or by steam-power. The 
machine brought the mould up to the nozzle of a pot containing 
molten t}'pe-metal, opened the mould for the metal to flow' in, 
closed it so as to give it its shape, and then tilted the reopened mould 
for the type to fall out. From America, where the opposition of 
w’orkers was smallest, the machine spread to the book printers of 
Leipzig, to Edinburgh, and by 1851 to England: the catalogues for 
the Great Exhibition of that year were printed with its help, and the 
machine itself won a medal for the Leipzig firm of Brockhaus. The 
machine then became generally accepted; within a generadon The 
Times w'as using a rotary caster with a hundred moulds and an 
output of 60,000 letters an hour. This meant that a newspaper could 
dispense altoge^cr with the laborious process of redistribudng the 
type after use; instead, it was thrown straight into the meldng-pot 
to reappear as new type for the next day’s issue. 

In the case of composing machines the part played by the news¬ 
paper and periodical publisher was even greater, since'he had the 
maximum incendve to override all opposing considerations, in¬ 
cluding the cheapness of labour as well as its hosdliu' to the machine 
in order to set up his material more quickly. The first and most ob^ 
viously attracrive proposal was for a machine which would bring 
down from a separate magazine each required charaaer (a term which 
includes figures and punctuation marks besides small and capital 
letters), selecting them if necessary fi-om more than one fount A 
technical difficulty was that the characters were very small and would 


23 THE CASTING AND SETTING OF TYPE 

easily stick. However, by 1842 Hetiry Bessemer, later the invcDtor 
of the converter, in association with a firm at Lille, had produced a 
machine commonly known as the PUnotj’pe (Fig. 320), which w'as 
employed to set up the first number of the Familj H^aid. One 
operator worked a keyboard, which was rather like that of a piano, 
and a second ‘justified* — that is, spread out the material e\'enly into 
lines; they acMeved a speed of 6,000 letters and spaces an hour, 
but the fact that the machine could be operated by women created 
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prejudice. In 1856 there appeared the Alden machine, containing no 
less than 14,626 parts, which came into use in book publishing. 
About ten years later a Lancasbire newspaper proprietor applied 
a prindple which w'e have already seen at work in connexion with 
loom harness (p. 106)* A perforating machine made on a roll of 
paper a pattern of holes corresponding to tJie sequence of letters 
required; the roll was then passed through the character-holding 
machine, in which little levers, actuated by the pattern of holes on 
the roll, caused the dilferent characters to fall in succession on to a 
travelling belt; the lines W'Cte then ‘justified* as before. By the tune 
of the Caxton quaccrcentcnary celebrations in 1877 there was already 
an electrically driven type-setter, and the ii’aricty of inventions was 
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becoming so great that TViwi was alleged to have cellars full of 
discarded machLoes^ yet, when allowance was made for the frequency 
with which they went out of order, these machines w'ere not fast 
enough to secure general adopdon anywhere, though newspapers 
w'ere always eager to try them. 

By 1886 newspapers were able to use a more successful machine 
based on a completely different principle. The etymology of the 
name ‘Imorype* (from ‘line 0’ type’), however distasteful to the 
purist, clearly advertises the fundamental nature of the change. 
Each line made by the cxisdng machines required the co-operadon 
of three workers—the type-caster, the operator who controlled the 
selection nf the letters from their magazines, and the person who 
jusdhed the line—whereas the new machine enabled a single skilled 
worker to produce the complete line four dmes as fast. This epoch- 
making invention began quite outside the world of printing, with the 
desire of a Washington lawyer, James Oephane, to find a satisfac¬ 
tory way of reproducing his shorthand notes of court cases; he had 
first tried a primidve wTiring-machinc, but this would not provide 
copies in quandt}'. 

Oephane came in touch with an inventor who devised a method 
of casting a w'hole line in one piece from a papicr-machi mould, the 
first machine for this purpose being a rotary-impression machine 
built by an immigrant German watch-maker, Otto Mergenthaler, 
He later constructed an improved version with a keyboard control¬ 
ling a number of vertical bars, each of which had cut on it in relief 
a letter of the alphabet: these letters were impressed upon a strip of 
papier mach£ the length of a line, thus providing a mould from which 
a line of type could then be cast. Mergenthaler next saw that the 
first cumbrous stage could be omitted by assembling a magazine of 
matrices, that is to say, moulds from which the individual characters 
were made by the founder, so chat a line could be set at a time. When 
the single-letter matricra were moved pneumatically to an assembly 
point, there still remained the problem of adjusting the spaces 
between the words so as to justify’ the line, for which purpose he 
adopted an existing patent for wedge-shaped spacers to press down¬ 
wards until the line w^as full. After the mamces forming the particular 
line had done their work, a distribution bar carried them back to the 
magazine. But since every machine required to be equipped with 
some himdreds of matrices, there was also the difficulty of the 
economic provision of enough punches from which to manufacture 
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them: most opportundy^ a mediarttc^l punch-cutting mnchinc was 
perfected, also by an American inventor ^}. G* Benton. The Lino- 
t>'pe (Fig. 321) as used universally at the present day was virtually 
completed by 1890, and quickly spread from America to Great 
Britain and later to the Continent. By 1900 it ii'as already in use for 
a score of London daily newspapers and for some 250 other British 
metropolitan and prodndal newspapers and peKodicals. 

In the 1890’s America led the way again in the introduction of the 
Monot>pe machine for the setting of books. This machine also used 
the principle of a perfbmted 
roll of paper on which the key¬ 
board operator recorded w'hat 
was to be printed, very much 
as though he were ftpewriting; 
both the keyboard and the 
caster, w^hich could be entirely 
separate, were worked pneu¬ 
matically. The caster had a 
square matrix-holder of steel, 
which commonly contained 225 
matrices in an area noi exceed^ 
ing 16 sq. in., and the required 
matrix W'as brought into posi- Fig, jit. The Linotype'^bl&wci^coinposiaff 
tion over the mould by the madnne, i8£6 

perforated pattern on the paper^ 

At the moment when the particular matrix was clamped into posi¬ 
tion a jet of molten t^^pc-metal w^as forced into the mould and the 
type was cast. The Monotype machine, producing a long strip of 
type matter on w hat is know n as a galley, possessed the ad^'antage 
over die Linoty^pc that if necessary a single letter could be corrected 
at a time; given a satisfactory press, this would enable the book- 
printer to turn out by machine work as satisfactory as that produced 
by the older traditional methods. But before we examine the 
development of the press it will be convenient briefly to consider 
the typcwTitcr. 

THE TYPEWftlTEfl 

The typewriter is in effect a printing-machine which uses a key¬ 
board to set and print a single letter at a time. Unlike the printing- 
press proper, it is compact and portable; but its usefulness is, of 
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couTSQf Strictly limited by the small number of serviceable copies 
that It can produce. Even so, it represents an important advance in 
the use of machinery to replace the laborious copying of hand-writteQ 
documents and cumbrous methods of duplication^ such as the use of 
glutinous iuL for enabling the wTiting to be transferred to moistened 
sheets of thin paper, a method patented by James Watt in 1780* 
Although various types of writing-machine, including some that 
embossed paper for die blind, were invented in the eighteenth and early 
nineteenth centuries, the extensive use of the tj-pewriter dates only 
from the iSSo^s. By then the increasing size of business enterprises 
called increasingly for systematic correspondence and record-keep^ 
ing, for which the typewriter pro^nded the means. Its introduction 
was also an event of considerable social significance, since it brought 
the first considerable flow of women into office wort: in 1881 there 
were only 7,000 w'omen clerks in England and Wales; thirty years 
later, 146,000. 

A ‘t>'pographer' was invented at Detroit in 182.9, which the 
letters were brought to the printing position as required by moving 
a semicircular band of metal on which they w'ere mounted. This was 
followed by a number of machines of rather similar design and w'ith 
various devices for inking the t>'pe, which in some models was struck 
against the paper, w'hile in others there was a small hammer which 
struck the paper against the type. The arrangement of type characters 
on a curved band survives in a machine called the ^Varity^jer*, which 
is sriU used to make t>'pe-plates for offset printing because it is easy 
to change the band for different alphabets. ITie prototype of the 
modem typewriter, however, was the machtnt krjiptograpliiqut, in¬ 
vented by a Marseilles printer in 1833, with the modest claim that it 
would write ‘almost as fast as a pen*: this was the first machine to 
have each character mounted on a separate bar. The same principle 
was followed by the American printer, C. S. Sholes, who used a 
horizontal platen and inked ribbon and, after making some thirty 
models, solved the problem of rapid fingering. The main difficult}^ 
in this was the tendency for the type-bars to clash whenever two 
key's were touched in very quick succession; he solved this problem 
by arranging the keyboard substantially as it is arranged nowadays, 
so that letters which occur frequendy in juxtaposition arc placed 
widely apart. 

Sholcs’s machine was manufactured from 1S73 onwards by the 
Remington Company, who had begun as firearms manufacturers and 
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had already branched out Into the manufacture of agricultural imple- 
ments and scwing’-maehincs. Although the shift-key system was 
introduced in 1878, t}■pe^^Titcrs with a double keyboard, for small 
and capital letters respectively, continued in use until the iS^o^s, 
when the increasing practice of touch-typing made the use of the 
larger tej^board undesirable. Other improvements made before the 
end of the centur}’', w'hich both enhanced and attested the growing 
popularity of the machine* w ere the arrangements for making the text 
fully visible during typing* the introduction of a tabulator* and the 
reduction of size and w^eight so as to provide a truly portable model. 


THE MODERN PRINTING-PRESS 

Since the application of (electric) power to the typcWTiter lay far 
in the future, the historj' of the typewTiter bears no resemblance to 
that of the printing-press proper* W'hicb was becoming heavier* 
larger* swifter, and more powerful as the nineteenth century ad¬ 
vanced. It w'os nor until rSoo that the third Earl Stanhope em¬ 
ployed iron instead of w'ood in the first successful attempt to produce 
a press that could handle both heavy formes of t)'pc matter and 
delicate w'ood-engravings, such as those of the school of "Ehomas 
Bewick. At a price of 90 guineas—double the cost at that time of a 
wooden press—he provided a machine of iron which rested upon a 
wooden ice* After the bed had been run under the platen in the usual 
way, the latter was applied to the lype by a combination of lever- 
and screw^-motion w'hich exerted a sufficient uniform pressure for 
the entire type-surface to be impressed at one pull. This was follow'ed 
about tSij by the independ ent American invention of the Columbian 
press* the first to eliminate the screw': the platen was driven down by 
means of a system of levers and counterweights* the topmost lever 
being surmounted by a heav}' metal eagle, the position of w'hichcould 
be adjusted to vary the pressure. The inventor* a Philadelphia 
cabinet-maker named George Clymer, introduced his press success¬ 
fully to the English market* w'herc it was improved into a machine 
called the Albion. This applied the pressure by means of an elliptical 
steel bar which rotated above the platen-head* applying the maximum 
pressure as it reached the perpendicular. As great strength of im¬ 
pression was combined w'ith light w'eight and simplicity of operation* 
the Albion (Fig. 322)* surmounted by a Royal Coat of Arm^ on the 
counterweight in place of the American eagle, enjoyed great popu¬ 
larity in England and to some extent elscw'here. First built in the 
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1820’s, in the iSho's it was being sold in thirteen sizes costing from 
£12 to £75, and at the end of the century was chosen by William 
Morris for the Kelmscott Press. 

Printing is commonly thought of in terms of the newspaper and 
periodical and of the boot, but there w^ a third class of w ort whose 
needs technology had to satisfy. It is estimated that late-Victorian 
Britain had about 2,000 newspaper establishments, while its book- 
printing firms w'ere confined to tw^o dozen towns, but the jobbing 

printers numbered at least 8,000. 
Their average business was cer¬ 
tainly small, but taken as a 
whole they represented a pro¬ 
digious demand for all kinds of 
individual and local needs, rang¬ 
ing from visiting cards to cata¬ 
logues, pamphlets, and, above 
all, handbills. These remained 
a staple form of adveitisjng as 
long as the daily newspaper was 
something of a luxury in the 
homes of the masses—it is re¬ 
corded that in iSfii it was pos¬ 
sible to collect 250 such items 
during a w^alk round the Qty 
and West End of London—and 
even after the popular new'spaper 
came in with the Daily Maii in 
j 896, they still had their uses in commerce if produced cheaply enough. 
It w as for such purposes that Steven Ruggles of Boston, Massa¬ 
chusetts, invented in 1851 a press with a vertical bed, enabling both 
the type and paper to be always in view except at the actual montent 
of impression, and a small chase, measuring 4^X74 in., which w^as 
w'ell suited to the jobbing-trade. The method of operation was that 
the platen, hinged at the base of the press, rocked to and fro as it 
made the successive impressions j the chase was held on a flattened 
secdoD of a cylinder, round w^hich the ink was conveyed on the 
rollers. The foot-treadle, w hich Ruggles had employed even earlier, 
provided a satisfactory mode of operation, and when introduced to 
Europe in a sUghdy modified form at the Intemadonal Exhibidon of 
1862, the machine became immediately popular. The name Cropper, 



Fig. 3231. Eftrly form of Albion press in- 
venic^ by R. W. Cope 
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taken from its first English manufacturersj became attached to all 
treadle-platens (Fig. 3323), which even in the twentieth century are 
often worked without power^ either by foot or by hand^ 

A system of mass production was, however, essential to the de¬ 
velopment of the modern new^spaper: this required not only the 
application of power but an alternative to the cumbrous traditional 
method w'hich produced every sheet of printed matter by the bring- 
ing together of two flat surfaces, supporting respectively the inked 
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tv'pe and the paper. As early as 1810 a London book-printer, Thomas 
^nslcy, u^ing the ideas of a Saxon immigrant, Friedrich Koenig, 
was printing the Annual Mrgistff by steam in an adapted hand-press 
provided with automatic inking-cj'linders. The printing was done at 
the rate of 3oo sheets an hour, but there was no important future for 
the device until Koenig in the following year—per hap as the result 
of an indirect contact with an earlier patentee, the scientist William 
Nicholson—for the first time brought into use the cylinder, from 
which the mass-produced printed matter of the present day has 
resulted. Koenig put the paper on to a large hod^ntal ^linder, the 
circumference of w'hich was divided into thirds and which could be 
held stationaiy' in three corresponding positions. Each time the 
c> linder made one-third of a revolution it carried forward a new 
sheet of paper, fed in at the top, and at the bottom printed a sheet 
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which could then be removed. At each movement the t>'pe-bed 
w'as propelled backwards and forwards, so Koenig almost im¬ 
mediately decided to use two cyJmders, in order to utilize the move-* 
ment of the type-bed in each direction. 

Only The Times proved enterprising enough to buy the machine, 
which on 29 November 1S14 produced the first steam-printed new^s- 
paper at the jate of 1,100 impressions an hour—about four times the 
output of a hand press. Before returning to Germany in 1817, 
Koenig had made the first ‘perfecting’ machine, that is to say, a 
machine with tw o single cy linders, the second of w hich printed the 
reverse side of the sheets, which w'cre fed through both cylinders in 
a single operation. The Times adopted this, too, and with modifica¬ 
tions made by their engineers ran It until 1S2S, when they introduced 
a machine of their owm design. This had four cylinders and gave 
4,000 impressions an hour from a single bed of t>^, the reverse 
side of the sheet being left blank for later news. Meanwhile, the 
perfecter had been improved by an English press manufacturer, 
David Napier, who invented grippers which held the paper while the 
impression w^s made and took It over for the perfecting cylinder to 
operate. The perfecting cylinder revolved twice for each sheet 
printed, being raised at the second revolution so that the type-bed 
could run back without touching it (Fig. 324). 

A further increase of speed was possible only if the type-bed also 
could be made to rotate — an idea that had occurred to AVillianx 
Nicholson and which was put into practice as early as 1813 by Bryan 
Donkin, in%'entor and engineer. Four trays of type were secured to 
a revolving spindle, which had on one side of it an inking-cylindcr 
fed by mking-rollers made from a composition of glue and treacle i 
at the other side, it came into contact with a fbur-Icaved device on 
which, the paper was mounted to take the impression^ The Cam¬ 
bridge University' Press tried to use this machine for Bible printing, 
but though ingenious it proved a failure, which contributed only 
the new composition-rollers to the development of the industry^ 

Success came instead from an American invention, which was 
first instaUed by the Philadelphia Public ledger in 1846, spread to 
Paris in time for the Revolution of 1848, and in 1857 reached Eng¬ 
land, w'here the abolition of the stamp duty on new'spapers (though 
not the duty on paper) two years earlier had opened a wide field for 
newspaper development. The inventor, Richard March Hoe, was 
the son of an immigrant from Leicestershire who had been making 
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pfjjitijig presses Since about i8oS' "The jnachme had five horizoncal 
c>'hnder5, one large tj^pc'^yliiider in the middle and four smaller 
qdinders surrounding it; the lype was held in cast-iron beds, and 
was fastened dow’n with wedge-shaped rules betw^een the columns 
CO prevent centrifugal force causing it to fiy out as the cylinder 
rotated; automatic grippers inserted the sheets between the smaller 
cylinders and the large ones as they turned. Although something 
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similarj but with vertical cylinderSj had been desised^by the en^ 
gineers of The Tones and was to be seen in a smallct version printing 
the liiustmed London Neips at the 1S5T Exhibition, Tie Times, 
followed by many other newspapers, changed over to a ten-feeder 
Hoe (Fig. 325). This could provide 20,000 impressions an hour, 
but as the paper had to be fed in from five different levels, twenty- 
five men and hoj^ were required to tend it.. 

Cast-iron beds full of movable type were a clumsy and even 
dangerous fixture when attached to a rapidly revolving cylinder. 
Newspapers, therefore, took over the practice of stereotyping an 
invention of the previous century that had come into common use 
soon after 1800 for books, such as Bibles and school books, which were 
frequently reprinted : it enabled a new impression to be made at any 
time from a solid plate, which was cast in a mould of papier rnach^ 
or some similar substance prepared from the original type* Applying 
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this method to the n^wspaper^ the New York Herald had the first 
plates made to fit the curve of the cjdioder. *rhe method spread 
rapidly, since it possessed the additional advantage that duplicate 
plates could be made as required without any setting-up of t)pe 
beyond that needed to make the original mould. Another device, 
which first came into use in Philadelphia in 1S65 and was patented 
independently next year by The TimeSj was to print from a con¬ 
tinuous roll of paper. This had been proposed by Rowland Hill, the 
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inventor of the p^tage stamp, in 1835^ but the tax on newspapers 
at that time required a stamp on each sheet and the taxing authorities 
w ere inexorable. It is perhaps significant that by 1870, only fifteen 
years after the removal of this incubus, a rotary press was available 
which after cutting the primed roh folded the sheets ready for the 
new^s-vendor. 

PAPER-MAKING, BINDING, AND ILLUSTRATING 

It remains to consider the three auxiliary crafts, as they may be 
called: those of the paper-maker, the book-binder, and the illus¬ 
trator. The great growth of the reading public after the middle of the 
nineteenth centur}' caused 3 great increase in the demand for paper, 
even before the excise duty was abolished in 1861. In Britain, for 
example, the provision of the first municipal libraries in 1850 stimu¬ 
lated interest in books^ after the newspaper tax was repealed (j85S)> 
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the number of newspapers trebled in forty years' and in only 
thirt)' years the introduction of the penny post caused the number of 
letters delivered to nse to 917 miJIion a year^ more than ten times the 
number in 1839^ This demand for paper could not be met from the 
linen and cotton rags and straw which w^ere the chief raw' materials 
then in use. Esparto grass from Spain and North AEica began to be 
imported about 1855^ but the real solution was the use of wood- 
pulp, which had been experimented w-ith for about two centuries. 
The pulp was first prepared commercially by the use of grindstones 
immersed in water containing ready-cut logs, but this did not re¬ 
move resin and other deleterious impuiides; from 1873 onwards 
chemical wood-pulp was developed, made by boiling wood chips 
with soda or sulphite solutions. I’his provided most of the material 
for the great rolls of the new'Spaper Industry; the manufacture of 
paper in continuous lengths by machinery had been patented by 
N.-L* Robert in France in 1798, and was developed in Britain from 
1S03 onwards by the stationers H. and S* Fourdrinier with the help 
of the previously mentioned Bryan Donkin. Ate paper, increasingly 
in demand for illustrations, was made by loading the paper w itb 
china clay or gypsum. 

The mechanization of bookbinding began rather earlier, for 
boards backed with paper were an economy introduced during the 
Napoleonic warSn Before this the usual binding material was leather, 
whether used by the publisher for the whole edition or, as often, 
by the binder for the customer who had bought the book in sheet 
form. About iSzg the cheaper cloth case came into use, and since 
this was made separately, for attachment by glue and tapes to the 
sewm sheets, it became possible to produce it by machinery'. A 
rolling-press to consolidate the sheets before binding—an operation 
previously performed by hand with a 14-Ib hammer*—and a block¬ 
ing-press to replace the hand-tooling of the cover had made their 
appearance by the end of the same decade. Various unsatisfactory 
devices were tried for sewing and casing, such as stitching W'ith iron 
wire—its employment was one of the younger Baedeker^s few mis¬ 
takes—or coating with a flcdblc rubber solution, both of which 
resulted in the speedy disintegration of the volume. About 1878, 
howc^^er, sew'ing-machines become generally available (p. 575), and 
in the 1890^3 Europe adopted from America methods of mass- 
binding with automatic folding and feeding-in of the sheets. 

In the field of bcx>k illustration some of the outstanding achieve- 
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mcnts date horn the early of prinring. Before the end of the 
eighteenth century not only were the techniques of engraving, 
the etching, and the mezzotint (p. 241) at their height in Britain, but 
the use of the stippling process and, a little later, the substitution of 
steel pbtes for copper were giving new facilities for the art of book 
illustration. iTic high prices now paid for such marvels of the wood- 
engraver’s art as Bewick’s HiitoTj of British Birds (1797 1804) 

remind US that there is a more serious loss involved In modern mass- 
methods of illustration than in the desuetude of hand-made papers 
and hand-tooled bindings. On the other hand, the development of the 
new spaper illustration, leading to its nineteenth-century culmination 
in the first nse of photographic processes for this purpose (p. 659), 
was one that for better or w'orse enabled the ev'ents of the day to 
impinge upon the public mind in a wholly new' w'ay. 

A woodcut is to be found in a pioneer English new s-pamphlet of 
1513 celebrating the victor)' at Flodden Field ; but on the Continent 
they had been used even earlier for such ncw^shccts as the Nurem¬ 
berg Chronicle (1493), and in the succeeding two and a half centuries 
such publication yfas more regular, and therefore more important, 
there than in England. At the close of the eighteenth century two 
major English new'spapers habitually illustrated important events, 
but a much more frequent practice in the early new'Spapers was the 
insertion of vciy small woodcuts to drive home the message of a 
medical or other adverdsement. More elaborate engravings appeared 
in the broadsheets which sold both news and views regarding such 
major events as the Pctcrloo riot or the Cato Street conspiracy; 
crudely daubed to enhance the horror, they gave rise to the expression 
‘penny plain, twopence coloured’.. 

In the course of the 1820’s the use of more powerful presses made 
it easier to secure a satisfactory impression from a hand-engraved 
wood-block surrounded by type* This coincided with a big de¬ 
velopment of new newspapers and periodicals, including periodi¬ 
cals w'hich made illustration the medium of instruction as w'ell as of 
entertainment. Charles Knight’s Permy AlagasJne in 1832-45, which 
at one time sold 180,000 copies a week, and his Penny Cydopaedia 
(1833-44), he compared with Punch and the /Hastrated London 
Ncjps^ which date from 1840 and 1842 respectively, as showing 
the appeal made by lavish illustration to widely differing classes* 
Coloured illustrations were in the main too expensive for wide¬ 
spread use in periodicals, but nevertheless their production also 
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underwent considcmbk development at this time. There was, for 
instance, a process called chromo-’XyIogTaph]r, employing a separate 
handout wood-block for each, colour; this was in. effective use by 
\\'llliam Savage about 1820, was further developed by G. Baxter, 
enjoyed a great vogue after mid-century for religious subjects with 
the Viennese firm of Knofler, and later sdll adorned the children’s 
books of Kate Greenaway, which w^ere said to ha%'C '^dressed the 
children of two continents’. At the other extreme, there w^as a 
stencilling system, each stencil enabling a different colour to be 
applied to a black outline carried on a travelling band; this was used 
for French fashion-papers early in the century and for cheap picture- 
postcards at the end of it The most important process, however, 
was chromolithography. 

The litht^raphic process itself had been invented by Alois Sene¬ 
felder of Prague just before the century' opened ^ The draw-ing was 
made with a special greasy pigment, either on the stone itself, 
in which case it had ru be drawm in reverse, or upon a specially pre¬ 
pared paper for transfer to the stone. In order to print, the stone was 
first w'etted and then inked, with the result that the ink adhered only 
to the prepared surface, from which it could be transferred to the 
paper with great accuracy. This process was excellent for such pur-* 
poses as cartography; for boot iUu'jtration it was a drawback that 
each picture had to be pasted in by hand. The colour-process 
required the use of a separate stone for each colour, and the best 
products were as beautiful as they were expensive. Lithographers 
fought hard to avoid the mechanization of their art, but in 1852 the 
power-press was introduced for it and in the 1870^8 grained zinc 
plates replaced the stones and greatly speeded up the process. 

But in the last quarter of the nineteenth century the most revolu¬ 
tionary changes affecting all types of illustration w'cre those which rc-^ 
suited from the introduction of photographic processes into printing. 
The earlier history' of photography must therefore be considered next. 

EARLY HISTORY OF PHOTOGRAPHY 

The late conception of the idea of the photograph is perhaps the 
most remarkable aspect of its history. The camera obscura was 
a\'ailable for photography by 1685 and the chemical effect of sun¬ 
light on silver salts know-n in 1727. The first impermanent experi¬ 
ments in making ‘the light wtIic^ are reported in a communication 
to the Royal Institution, London, by Thomas Wedgwood and (Sir) 
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Humphn’ Davy, in 1802. Yet photography in its early form, the 
daguerreotype, ^'as not generally available until 1839. 

The fact that a pin-hole admitting light to a dark room—which is 
the literal meaning of camera obscura—projects an inverted image of 
external objects on to the opposite w'all v>'2s recognized at the end of 
the first millennium a.d. by Alhazen, an Arab wiiter on optics, who 
proposed its use for the obser\'ation of solar eclipses. Ad\'antagc was 
taken of it for this purpose in the sixteenth century, when the 
Lou\’ain astronomer. Gemma Frisius, published an illustration of 
the means by which he had observed the eclipse of January 1544 

(Fig. 326). In the course of that 
century it was improved by the 
introduction of a lens in place of 
the pin-hole, a diaphragm, and 
a concave mirror to rectify the 
image. Such devices were used by 
artists in tracing the outline of 
vice's and for topographical sur¬ 
veys; in the seventeenth cen¬ 
tury the camera became portable, and the distance between lens 
and screen was made variable so that the image could be focused 
(Fig. 327). It remained only for the achromatic lens (p. 592) to be 
introduced, together with some form of shutter, to render the 
camera obscura fully suitable for photography. 

In 1727 J. H. Schulze of Nuremberg demonstrated that it was 
the sun’s light, and not its heat or the air, that darkened silver salts. 
Thomas Wedgw’ood, a younger son of the great potter, tried to 
employ silver nitrate to record the image of the camera obscura, but 
all that Davy and he, using silver chloride, were able to report in 
1802 yris that the image of a leaf or of a painting on glass could be 
reproduced upon paper or white leather, chemically coated, after 
two or three minutes* exposure to sunlight. Since further exposure 
darkened and ultimately destroyed the image, the practical \'alue 
of the experiment was very small: the fixing of the image is an 
essential part of the photographic process. 

Photography really begins with the work of the French physicist, 
Joseph Nic^hore Niepce, from which his partner, L. J. M. Daguerre, 
e\'olved the daguerreotype process in 1839. By the same date an 
Englishman, VV, H. Fox Talbot, had developed an independent 
photographic process which was the first to possess what is nowadays 
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Fto. 526. The 6m illustration of a 
camera obscura. Gemma Frisius, 1545 
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reg^dcd as an essential feature of phoEOgraphy, namely the ability 
to print many positives from die single negative. However^ it 
’rt'as neither the metal plate on which Niepce took his photographs 
nor the paper sheets on which Fox Talbot took his, but the collodion 
gbss plate, introduced in the 1850’^s, which proved to be the first 
fiilly practical medium for photc^phy. 

Niepce began his experiments in 1816, using silver chloride^as the 
light-sensitive substance, and after ten years took the world’s first 



Fki. 317. Artist’s caracm obscura, 1769 

photograph from his window at Chalon^ur^lone, wath an exposure 
of eight hours. It was taken on a pewter plate covered with a thm 
layer of bitumen of Judea (a kind of asphalt) which had been applied 
in solution. A solution of oil of lavender ‘developed^ the pUte by 
dissolving the bitumen wherever it had not been hardened by the 
light during exposurej the undissolved bitumen then gave the high¬ 
lights of the picture and the underlying pewter the shadows, the 
result when dried being permanent. Niepce also used his bitumcm^ 
plate for a process of photo-etching. His process, however, had 
three major disadvantages: it was slow, the image was not sharp, 
and it produced only a single copy. It was his partner i:>aguerre a 
scene-painter for the Paris Opera, who substantially eliminated the 
first two disadvantages: his photographs were showm at an histone 
joint meeting of the French Academy of Sciences and Academy of 
Fine Arts on 19 August 1839, and caused the artist Paul Dekroche to 
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exclaim with dramatic exaggeration, ‘From today painting is dead !* 
The portrait-painter at least could hardly regard himself as seriously 
threatened by an alternative which at that time would have required 
a sitter capable of remaining motionless in full sunshine for at least 
a quarter of an hour. 

The daguerreotype w^s taken on a silvered copper plate bearing 
a thin layer of silver iodide, formed by exposing the plate to iodine 
vapour, and required for most outdoor subjects not more than half 
an hour’s exposure. It could be developed in twenty minutes in a 
box containing v'aporized mercury, tiny globules of which settled 
on the silver iodide in proportion to the degree to which it had been 
aflfcctcd by the light. Excess silver iodide was washed away with 
sodium ‘hyposulphite’ (still the most common fixative and still 
known as ‘h>'po’, although it is actually sodium thiosulphate), leaving 
the polished silver to form the shades. Unfortunately, the mercury 
forming the highlights easily came off the plate, which had there¬ 
fore to be covered by glass. Although no copies could be made, 
inanimate objects, including views, could be satisfactorily recorded, 
and an elaborate equipment, of which the ‘official* version was made 
by a relative of Daguerre, found a wide sale for about tw'enty years 
in both Europe and America; the standard outfit, including a camera 
with an f/14 lens, w'cighed about no lb (Fig. 328). Its spread was 
helped by the fact that the French Government in effect bought 
the rights from the inventors, so that use was restricted by patent 
only in Britain, where Daguerre had put in an early application. One 
or two improvements were introduced almost immediately. PetzNal’s 
short-focus lens had a working aperture of f/3*6 and was thirty times 
as fast as Daguerre’s original. At the same time the sensitivity of the 
plate was much improved by treating it with bromine \apour or 
chlorine as well as iodine vapour; in this way exposures w'cre reduced 
to 10-90 seconds. A further ingenious reduction in the time of ex¬ 
posure was devised by Wolcott in New York, who introduced a 
camera—analogous to the reflecting telescope (p. 592)—in which the 
lens was replaced by a concave mirror. This made a large working- 
aperture possible, though definition was poor, and enabled its in¬ 
ventor in March 1840 to open the world’s first photographic portrait 
studio; London had one a v'ear later. 

Meanwhile, Fox Talbot had been experimenting since 1835, 
employing paper coated with silver chloride both for the reproduc¬ 
tion of such things as botanical specimens by a technique not very 
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different from that of Wedg^^ood a generation before, and—more 
important—^for making rather indistinct pictures of vie>»'S of his 
home at Lacock Abbey. These last were taken with cameras only 
2\ in. square, fitted w ith microscope lenses; the exposure was thirty 
minutes. He made his process known in 1839, 
nouncement of the daguerreot)'pc but before the official description 
of it to the two Academies. Two years later he patented the calotype 
process, in w hich the exposure was reduced to a period of from one 



Fio. 323. Daguerreotype outfit, 1847 


to five minutes for outdoor subjects. Fox Talbot’s sensitive material, 
like Daguerre’s, was silver iodide, formed not more than a day before 
use as a thin film on paper which was brushed successively with 
solutions of silver nitrate and potassium iodide; the sensitivity to 
light was increased by further treatment with gallic acid, the sen¬ 
sitizing properties of this ha\ing been discovered in 1837 by J. B. 
Reade, another British pioneer. The image formed was a latent one, 
which became visible only when the exposed material was warmed 
and which was then fixed with *hypo*; it was also a negative one, 
the highlights of the subject appearing as dark deposits of silver and 
the shadow's as white paper. Although positives could be printed in 
quantity from these paper negatives—an extremely important dif¬ 
ference from Daguerre’s process—and although Fox Talbot set up 
his own printing-works establishment at Reading, the calotj'pe, pro¬ 
tected by patent, never became very popular in England. 

In France, however, Blanquart-EvTard in 1851 replaced Fox 
Talbot’s slow prindng-out method by one in which the positive 
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prints were developed like negatives, w hich meant that some hundreds 
of copies could be made in a day instead of half a dozen; careful 
processing and the use of a chloride of gold toning-bath overcame 
the tendenej’ of Fox Talbot’s prints to fade and gave permanent 
results. Another Frenchman, Gustave Le Gray, in the same year 
made a further improvement to Fox Talbot’s process by using a 
w’axed paper, which was not only more transparent but had the great 
ad\'antage that it could be prepared as much as a fortnight before use 
and did not need to be developed until some time after; this greatly 
simplified the problems of the itinerant photographer. 

However, it had been apparent from the outset that, in every 
respect except weight and perhaps fragility, the best material for 
canning the light-sensitive silver salts was glass plates, which would 
be cheaper than silvered metal and more transparent than even 
waxed paper. The difficulty was to find a substance that could be 
used as a base for the silver salts, to hold them firmly in position 
during the development processes. Niepce de Saint-Victor, a rebtivc 
of the earlier inventor, successfully introduced egg-w hite (albumen) 
in 1847, but the resulting material w'as relatively insensitive and did 
not remain long in use except for purposes requiring fine detail, 
such as the making of magic-lantern slides. In the year of the Great 
Exhibition its place was taken by the wet collodion process of the 
London sculptor F. S. Archer, a process which because of its speed 
and fineness—and independence of Fox Talbot’s patent—was almost 
universally employed for nearly thirty years. The material was pre¬ 
pared by coating glass plates with a mixture of potassium iodide and 
collodion (nitrocellulose dissolved in ether); it w-as sensitized im¬ 
mediately before use by dipping in a solution of silver nitrate and 
had to be used wet—hence the name of the process. For portrait 
purposes the collodion negative, slightly under-exposed or under¬ 
developed, was turned into a kind of positive by bleaching it with 
nitric acid or mercuric chloride, and was then mounted over a black 
background. Its quickness and simplicit)' made the ambrotype—so 
called perhaps from its amber colouring—a popular form for cheap 
portraiture. As for bndscape photography, though the wet plate was 
the fastest photographic process yet dev'ised, its advantages were 
counterbalanced by the need to convey something like a hundred¬ 
weight of equipment—much the same as the weight of Daguerre’s 
outfit—on a day’s outing. Since it was unusual to enlarge, the plates 
might be as much as izx 16 in., requiring a correspondingly large 
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and heavy camera, to say nothing of the dark-tent and its chemical 
eqnipment {Fig. 329), without which the material could not be pre¬ 
pared or developed. 



FiO. 329. TreveUing pharognpher’s [liifk-Leni» r. iSiSg 


PHOTOGRAPHY FOR THE AMATEUR AND THE ILLUSTRATOR 
The important change, however, which according to the advcf- 
tisements made photography a subject that person of average 
intelligence could master in three lessons\ was the production of 
a satisfactory dry' plate—satisfactory' in the sense of being fast, keep¬ 
ing w'ell, and permitting development at leisure. Gelatine and col¬ 
lodion emulsions w'crc both applied for this purpose, but the first 
fully successful invention was that of a gelatine emulsion containing 
nitric acid, cadmium bromide, and silver nitrate; when the emulsion 
had been ‘ripened' by heat, the resulting film was twenty times faster 
than a wet collodion one* In 187S large-scale production W’as begun 
by the pioneer Liverpool Dry Plate Company and other British 
firms; an automatic machine soon made it possible to coat glass 
plates with the emulsion at the rate of 1,200 an hour, and the plates 
W'Cre exported all over the w'orld. By 1900 the sensitivity of the plate 
had been further increased so as to permit a minimum exposure of 
one^thousandth of a second, w'hich meant that photography could be 
virtually instantaneous. Effective use of such high sensidvity de- 
manded corresponding changes in the camera; the focal-plane shutter 
for highspeed cameras was invented by William England in 1861* 
At the same time much attention was given to the design of lenses, 
particularly to the elimination of chromatic and spherical aberration 
in fast lenses working with large apertures^ 

uu 
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With the use of the ready-nuidfi dr>' pbte, photo^phy as a hobby 
came for the first time wiiin the reach of the ordinary amateur. It 
vius also at this time that its usefulness in the sphere of printed 
illustration was developed beyond the pasting of photographs into 
the pages of boots, a process which began with Fox Talbot's work, 
The Pencil o/Nature^ in 1S44. Since the same decade of the iSSo's 
w itnessed the birth of cinematography, it may be fairly claimed that 
the photographic art was at diis time developing its modern scope 
and place in society. Use W'as accompanied by misuse, as when the 
searching vulgarity of the modem telev^ision camera w as anticipated 



Fig. 33G. 'Octoedve'' lajiKn concealed in ihe crown of a 1891 


by the concealed ‘detective' camera, a toy of the iSgo’s (Fig. 330), 
although in point of fact the miniature camera was still very much 
lacking in precision at the end of the century. 

The main line of development, however, in the iSSo’s and iS^^s 
was the lightening of the photographer's equipment and the simpli¬ 
fication of its working. Thus the introduction of the gelatine dry 
plate brought with it gelatine printing-papers, including bromide 
paper so sensitive that for the first time smalt negatives could he en¬ 
larged by artificial light; the quarter-plaie (4^X3! in.) thereupon 
became the normal size for the amateur. The camera itself could 
then be reduced in size proportionately, but it still required a maga¬ 
zine inside the camera or a changing-bag if the plates w^ere to be 
changed in daylight. The replacement of glass plates by roll film was 
therefore a most important advance. Celluloid, a pbstic material 
which consists of nitrocellulose mixed with camphor, though first 
invented for solid mouldings by the versatile English chemist 
Alexander Parkes in 1855, was named and developed by W. Hptt 
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of Newark, New Jersev, who in 18&8 produced clear sheets 0 01 in. 
thick, potentially suitable for use in phott^raphy. The first attempt 
to coat them with photographic emulsion produced a material that 
was still too thick and insufficiently flexible for the roll of film of which 
inventors were in search; but in December 1889 the American firm 
of Eastman succeeded in produc¬ 
ing and patenting a celluloid 
roll^film which gave it virtually a 
w'orld monopoly for the rest of 
the century. 

In the previous year George 
Eastman had introduced his 
Kodak camera, which broke quite 
new' ground, as the advertise¬ 
ment clearly show'cd (Fig. 331). 

The small Size and modest 
weight, the reduction from ten 
to three in the number of opera¬ 
tions needed to make an ex¬ 
posure, the long roll of film 
enabling a hundred pictures to 
be taken before reloading, and 
the fixed-focus lens—these fea¬ 
tures enabled the camera, like 
the bicycle, to enrich the leisure 
hours of the many. Eastman, 
moreover, astutely provided a 
full service of dei'elopment, undertaking to return the camera with 
mounted prints and a new' film loaded ready for use. 

It was through photography that another landmark in the history' 
of leisure w'as reached with the publication of the first fully illus¬ 
trated paper in England, the Daily Graphk of 4 January 1890. 
The photographic line-block or *zinco' had been employed to some 
extent by the Dailj Telegraph and other new spapers in the preceding 
decade, but it now became the means of enabling illtistrition, if 
desired, to predominate over letterpress. A negative made from an 
artist’s line-drawing was placed in contact with a sensitized zinc 
plate under powerful lamps, and then rolled with printers* ink in a 
dark room. All the sensitive material except that corresponding to 
the lines of the drawing could be rubbed off with water; the zinc 
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plate was then etched so that these lines stood out in relief, and was 
finally mounted to type-height on a bloct of wood ready for use. 
Only four years later the Daily Graphic had advanced to the employ¬ 
ment of half-tones, though they did not become a regular feature of 
new^spapers, as disdnet from weeklies, until well into the following 
century. The half-tone process was achieved by a series of inventors 
and examples of its use occur in the N?ip York Daily Graphk as 
early as 1880; but it was dev eloped commercially by Georg Meiscn- 
bach at Munich in 1SS2. It has the great advantage over the zinoo 
that it can reproduce photographs and wash-drawings. 

The half-tone block, as examination of any of its products with a 
magnifj'ing glass clearly shows, uses a system of regularly spaced 
dots of diifering size in order to reproduce the tones of the origuiaL 
The copying is done by a camera which has a special screen, con¬ 
sisting of crosslines, in front of the negative plate, so that the light 
passing through produces the heaviest dots in the shadow’s and mere 
pin-points in the highlights, the quality of the clfect depending upon 
the fineness of the screen. The finest screens were at first about 135 
lines to the inch, w'hich could be used to full advantage only for 
reproduction on art paper (p. 649) for binding up with the letter- 
press pages in expensive books, while at the other end of the scale 
there were So lines to the inch in half-tones suitable for reproduction 
on ordiDaiy newsprint; these last were often touched up by hand. 
The introduction of the half-tone block also made possible a new' 
method of printing in colour. The ’three-colour* process involves the 
taking of three photographs through filters, eachof w hicK reproduces 
from the original only one of three primary colours (yellow, red, 
blue); the blocks arc then successively printed—one on top of the 
other in exact registration—each with the appropriate coloured ink. 
But many technical difficulties had to be overcome before such 
letterpress colour-printing became fully established. 

For fine work in small quantities there was already available a 
purely photographic process, requiring no screen and also suitable 
for the making of colour plates, best know^n as the collot)!)^. Since 
its effectiveness depended upon stable climatic conditions, it became 
established first in France and Germany, and the machinery for it 
was not made in Britain until 1893* A reversed negative was im¬ 
printed by light upon a glass sheet which Had been coated with a 
gelatine emulsion containing potassium dichromate. The lightest 
parts of the negative, corresponding to the shadows of the original, 
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let through the most light to the gelatine, making it hardi conversely, 
the darkest parts of the negative kept the light away from the gelatine, 
leaving it soft. A mixture of glycerine and water was then applied, 
which the gelatine absorbed in proportion to its softne^; when ink 
in turn was appliedi it was repelled in exact proportion to the damp¬ 
ness of the gelatine, which was determined by its glycerine content. 
Although superb colour effects could be obtained by the collotype 
process, it did not lend itself to three-colour work as the half-tone 
process did: more plates were needed, whh the result that the cost 
was prohibitive for most purposes, including book illustration. 

Another photographic process adopted for illustrations before the 
end of the centnry was photogravure, originally invented by Fox 
Talbot in 1S52, A positive photograph was printed on a polished 
copper pbte, a screen of crossed lines w-as printed on top, and 
the plate was then etched in such a way that the acid ate deepest 
into the parts corresponding with the heaviest shadows; W'hen the 
plate was inked and wiped. Ink remained in the pits on the plate. 
Other changes included the application of the half-tone process to 
lithography and the use of aluminium printing plates. 

DEVELOPMENT OF CINEMATOGRAPHY 

The cinema as a major social force belonged to a Uter period than 
1900. The first public film-show in the modern sense was held in 
Paris in 1895; the word ^cinematograph’ came into English the follow'- 
ing year, from the French, Its root in the Greek word for *move- 
meni’ draws attention to the central problem with which inventors 
in the later nineteenth centuiy’ were wTCStling, namely how' to give 
the illusion of movement by taking and projecting a series of photen 
graphs with regular but very short intervals betw'een them. The in¬ 
vention was built upon the photographic processes we have just been 
considering, but the possibility of creating a spectacular illusion 
depended upon the physiological phenomenon known as persistence 
of vision, which causes the retina of the eye to record an impression 
for a brief period after the image itself has disappeared- 

Persistence of vision, which we may therefore make our starting- 
point, was familiar to Ptolemy, who in his second book on optics 
(about A.D. 130) observed that a coloured sector of a disk, on being 
rapidly rotated, would impart its colour to the whole disk. But what 
was a commonplace of observation was given its first and possibly 
decisive twist towards practical use by J, A, Paris, an English 
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ptij-sidan, with his invention of the *thaumatropc' in 1S26. In this, a 
cardboard disk had drawn on its tNvo surfaces U'O quite distinct 
objects, such as a tree and its foliage (Fig. 332)- when the disk was 
spun by hand the two images were combined, showing the tree in 

full leaf. From this it W'as but a 
short step, taken in half a dozen 
years, to the idea of a disk spun in 
front of a mirror, so that a pro¬ 
gressive series of drawings could 
be viewed in swift sequence 
through a slot, thus giving the 
illusion of movement which is 
the cSsSence of cinematography. An impro^'cd form, known as the 
*wheel-of-Iifc\ had a ribbon of drawings placed inside a slotted 
horizontal wheel, so that several people could sec the illusion simul¬ 
taneously (Fig, 333). 

Under various names the wheel-of-life enjoyed many years of 
popularity, and as late as i86q so eminent a scientist as Clerk Max¬ 
well proposed one of the many improvements, namely substitution 
of concave lenses for simple slots. But the 
most important development of the idea in 
the middle of the century was the linking 
of it with the magic lantern. The use of a 
powerful light with a reflector and a lens to 
project a picture from a painted glas$ slide 
on to a screen was first devised in t645 by 
A. Kircher, a German Jesuit teaching at 
Rome, and In 1736 the Dutch physicist, 
Pieter van Musschenbroek, had brought 
motion into the lantern show by passing a 
second slide across one providing a station¬ 
ary background. This kind of device pro¬ 
vided a popular nincteenthH^entury entertainment, but it was the 
needs of military instruction which prompted an Austrian artillery 
officer, Baron Franz von Uchatiiis,to adapt the ribbon-drawings from 
the wheel-of-life. His first attempt, in which a series of drawings was 
projected through a rotating slide, was in 1853 [ the second and more 
successful method proposed by him w as to rotate the light source and 
not the slide, but even then the number of drawings that could be got 
on to a single slide restricted the period of projection to 30 seconds. 



Fig. 333. The whednsf-hfe 



Fig. 33.2. The *thaujiu[rD|K\ 1826 
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Ucliatius’s work in adapting the magic lantern for showing con¬ 
secutive drawings had been preceded three years earlier by the in¬ 
vention of a process that would make photographic positives available 
for it on glass slides. It was not, however, undl 1874 that photo¬ 
graphy—a whole generation after its first invention—was used to 
record a continuous movement by stages with a view to its repro¬ 
duction. This was achieved by the French astronomer, P. J. C. 
Janssen, w ho wished to record the transit of Venus across the Stin 
on 8 December 1874. He fitted the eyepiece of his telescope w ith a 
clockwork mechanism, so that at regular intervals the turning of a 
disk brought a slit into line with the eyepiece and caused a photo¬ 
graph to be taken on a revolving photographic plate; in this way the 
slow^ movement of the planet across the Sun was recorded in a series 
of fortv'^ight pictures. 

The technique was transferred in the course of a very few* years 
from astronomy to natural history', where there were innumerable 
problems of motion—such as the action of the horse s legs in the 
gallop and the nature of the flight of birds—which could never be 
settled by the unaided human eye. Thus in 1878 an expert photo¬ 
grapher, E. Muybridge, was employed by a wealthy Californian 
sportsman finally to settle the ancient question whether ail four legs of 
a galloping horse ever leave the ground simultaneously. He developed 
the use of a battery of numerous cameras placed a foot apart and 
triggered off by strings stretched above the ground, so as to provide 
an equidistant series of photographs of a horse passing along a track 
in front of the cameras; the pictures show’cd that there were brief 
periods when all four legs were raised (Fig. 334). The system was 
later improved by causing the shutters of the cameras to open at 
equal interv^als of time instead of at equal distances travelled by the 
moving object. Exposures as short as 1/2000 sec were achieved, and 
the final result was an imposing analysis of animal and human loco¬ 
motion, some 20,000 photographs being published before Muy- 
bridge^s death in 1904. Meanwhile, the French physiologist, Etienne 
Jules Marey, w'ho was in commumcation with Muybridge and Jans¬ 
sen, began in 18S2 to use what he called the fusil photographiqti^y in 
which twelve esposutes a second were made on a rotating gl^ 
plate, each exposure being 1/720 sec. This introduction of the prin¬ 
ciple of intermittent motion was of the first importance, although it 
was not very' satisfactorily achieved with this particular apparatus 
and the pictures were srnall. The new invention of photographic 
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paper enabled Marey in Oaober i8S8 to demonstrate to the French 
Academy of Sciences hh thambrf chrattophoro^aphi^tiey embodying 
the essential principles of the modem cine-camera. Though his 
cameras were primitive and none of Morey’s films projected 
until ten years later, this ^"as the true beginning of the cinema 
industry. 

In Morey's camera (Fig. 335), the ribbon of photographic paper 
was moved by a band-crank from a supply spool 10 a take-up spool, 
recording images formed by the lens at ihc rate of ten to twelve a 



Fic. 334. Muybridec^f ippoi^ms to uulj'se ebe move- 
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second; 0 shutter with a small square window rotated between the 
lens and the photographic paper and cut off the light each rime the 
paper w'as moved► A brake worked by a cam behind the lens stopped 
the film each rime the shutter was opened, and there was a simple 
device to prevent the film tearing when it was drawm forward for the 
next exposure. 

The cosmopolitan character of the invention is show n by the w ork 
done in sc\'eral countries in the period between the introduction of 
Marey's camera and the first public film show in December 1895. 
Improved methods for securing the intermittent movement of the 
film were devised by an assistant of Marcy's in France; by an Eng¬ 
lish group, who pve a demonstration of their cine-camera to the 
Bath Photographic Society in 189®; and mo^ conspicuously by the 
great American inventor, Thomas Edison, who in 1887 thought of 
using moving-pictures in conjunction with his phonograph. In 1SS9 
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he saw Marey's work m Paris, and in 1S51 patented a camera in 
which toothed wheels interlocked to secure the intermittent move¬ 
ment of the film, though this did not become public knowledge until 
the patent was issued six j'ears later. Far more important, however, 
was Edison^s introduction of a 35-mm celluloid film having four 
perforations on each side of the image, which allow'cd the film to be 
passed through either camera or projector by sprocket wheels and 
simplified its exact alignment. 

In April 18^4 Edison opened the K.inetoscope Parlor on Broad- 
w-ay, New York, where a single viewer sat at a peep-hole in a wooden 



cabinet to sec the film, w^htch 
was lit from behind by an elec¬ 
tric lamp and was moved by a 
smal I electric-motor; the one-^ot 
rotating shutter showed fortj- 
six pictures a second. Although 
the Kinetoscope Parlor attracted 
immediate attention as a fair¬ 
ground peep-show and some 
machines were exported the 
same year. It is remarkable 
that Edison did not think it im¬ 
portant to find a means for pro¬ 
jecting to larger audiences. He was also satisfied to make his films 
with a camera w'eighing almost a ton, so that the subject-matter to 
be recorded had to be brought to the camera and not the camera 
to the subject. 

The final step was taken in France by two brothers, Louis and 
Auguste Lumifirc, w'ho were photographic manufacturers in Lyons. 
They were influenced by Edison’s kinetoscope, and especially by 
his use of perforations at the edge of the film, which they reduced to 
one for each picture; also by the success in Paris of the thi^dtre op- 
ttqve^ in w hich pictures hand-painted on gebtine had been projected 
life-size in succession on to a screen. They solved the problem of 
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intermittency by a claw-movement employing two pins to engage 
with the perforations; these pulled dowm the film while the light 
was cut off by a semicircular shutter, and returned to their original 
position each time the picture was exposed- ITiis became a standard 
arrangement in most cine-cameras and some projectors. At the 
same time, what is still the standard frequency for silent films was 
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introduced, namely sixteen pictures a second. The Lumicres filed 
their first patent on 13 Februar)' 1895: in June, with a fine sense of 
occasion, the>' filmed the arri\'al of delegates at a congress of French 
photographic societies, projecting it only fortj'-eight hours later; and 
three days before the end of the year they opened a public cinema in 
the basement of a cafe on a Paris boulcv-ard, which quickly attracted 
an attendance of 2,000 a night. The strength of the international com¬ 
petition may be illustrated once more by the fact that within two 
months R. W. Paul and B. Acres exhibited moving pictures inde¬ 
pendently at the Finsbury Technical College in London, with an 
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exi>ertise that enabled them to show the Derby of 1896 on the night 
of the event; they also devised the .Maltese-cross mechanism w’hich 
soon became the standard means of producing the necessary inter¬ 
mittent motion. 

Soon after the end of the centur>’ what might almost be described 
as a second battle of the gauges — since both developing and printing 
apparatus and projector must correspond exactly with the width and 
perforations of the film used in the camera—ended in the general 
acceptance of 35 mm. The batches of film employed at that time 
were not more than about 30 yds long and the practice was to wind 
them for development and fixing on to long lattice-work drums 

(Fig. 336). 

The taking of the early films w'as as primitive as their processing — 
a hand-cranked camera steadied on a w'ooden tripod, with sunlight 
as the only illumination whether indoors or out. Public and sporting 
events were the chief subjects. By the middle of 1896 there was an 
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cnteqjrising camera-man at work in Australia, and within another 
two years ^e film camera accompanied the ad\'ancc of Kitchener’s 



Fig, 337. Scene from Mdks's L'hommg i I* tite dt CMUtfhouc 


army against the Khalifa in the Sudan. Meanwhile, the imaginative 
film grew' from small beginnings: items show'n to the boulcvardiers 
of Paris in December 1895 ^ Baby’s Meal’ and 

*The Arrival of a Train’. The elaborately produced modern film 
w’aited until more capital had been attracted to the industry, but 
Georges Mdiis, the expert conjuror who founded Star Films, was 
busily at work from 1896 onwards showing the combination of 
imagination and ingenuity which 
turns entertainment into art 

(Pigs. 337* 338 )- 
Although sound films were 
not introduced until the 1920*5, 
with the de\’elopmcnt of the 
thermionic valve, the idea w-as 
conceived as early as 1887 
(p. 664). Edison’s phonograph, patented in January 1877, success¬ 
fully recorded and reproduced sound by means of sound-tracks cut 
on cylinders coated with tinfoil. The quality' of the reproduction had 
been improved by Emile Berliner, inventor of the gramophone, for 
which disk-records were effectively introduced in 1897. In the fol¬ 
lowing year a young Danish engineer, Valdcmar Poulsen, in\ented 
the magnetic recording of sound. 



Fia 338. Device by which M^lks’s 
film (Fig. 337) was contrived 
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AGRICULTURE AND FOOD 


agriculture: the implements 

THOUGH agriculture and food has last pbce in Part II of this 



book, whereas in Part I it was almost first, the reason is not 


J- A. that its importance had become less fundamental. On the 
contrar)’, the period of industrial revolution in Britain, in Europe, 
and wherever else machine industry spread, posed problems of fo^- 
supply more difficult than any that had faced mankind since the 
earliest daj-s of technological progress. Not only did the population 
of Europe increase in the course of the nineteenth centuiy' by 200 
millions, but of that great increase a much larger proportion than at 
any earlier time in European history was engaged in manufacturing, 
commercial, and various other activities that did not directly contra 
bute to the food-supply. Much of this huge industrial output was, 
of course, being exchanged on very ad\’antageous terms for foodstuffs 
(and raw materials) of both European and extra-European origin, 
but technological progress of many kinds was needed to make such 
exchanges possible. 

Thus justification for leaving this topic until last lies in the fact 
that so many other technologies played a prominent role in the ad¬ 
vance of fo^ production. Cheap transport, for example, enabled 
each industrialized country to make much more profitable use of its 
agricultural areas, almost irrespcctiv'e of their distance from the 
urban markets. Even more important, cheap transport was the pre¬ 
dominant factor in the opening-up of vast regions of the United 
States, Canada, Australasia, and the Argentine, from which—as also 
from tropit^l areas an enormous quantity of foodstuffs was brought 
to Europe in the railway and steamship era. Moreover, progress in 
the actual technolog)' of food production depended vciy' much upon 
basic changes which occurred first in other contexts. It was, for in¬ 
stance, when cheap cast iron became generally available that agri¬ 
cultural implement-making ceased to be the virtual monopoly of local 
carpenters and blacksmiths, and efficient standardized equipment 
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began to be purchased on a large scale from manufacturers of 
agricultural machincr)% The steam-engine, again, ^"as adapted from 
the factory and the railw'ay line to the stackprd and the held and, 
through the employment of the steamer for trawling, to the har\est of 
the sea. Pipe drainage of agricultural land and improvement by the 
use of superphosphate, basic slag, and other artificial fertilizers are 
further examples of the contribution of industry to agriculture. 

Agriculture, like manufacturing industry, profited both directly 
and indirectly from the growth of science. Lavoisier, for example, 
in 1778 started a model farm at Frwhines, where he doubled the 
yield of wheat within ten years. Sir Humphry Davy’s lectures on 
agricultural chemistry were introduced at the Royal Institution in 
1803 at the direct request of the Board of Agriculture. In 1835 J. B. 
Lawes and J. H. Gilbert began their famous colbboration at Rotham- 
sted, where their experimental station contributed to the prestige of 
English high farming in its golden age. But it was not until after 
mid-centuiy’ that the w'ork of Justus von Liebig culminated in the 
foundation of modem agricultural chemistry, and the impact of 
Pasteur on stock-keeping is e\'en bter. It is broadly true to say, 
therefore, that until very near the end of the nineteenth century 
agricultural techniques, even more than those employed in industry', 
were still improved empirically, as a result of expenmentation by 
practising agriculturists and manufacturers, rather than as the result 
of scientific investigation. 

Great importance, therefore, attaches to the social milieu. In 
agriculture, to a larger extent than in most industries, social 
pressures tended to preser\'e obsolete methods. Subsistence agri¬ 
culture was a self-contained way of life, the overthrow of w'hich was 
often harder than the replacement of hand labour by machinery in 
an established manufacture. The big open fields, divided into small 
strips and cultivated in accordance with an agreed three-yearly (or 
tw'o-yearly) rotation, were a feature of medieval v'illage life that had 
deep social roots and could not anyw’here be abolished without great 
upheaval. Moreover, there wras no part of the Continent except 
possibly the Netherlands and some regions of Scandinavia where 
in 1750 agriculture was not, to a much greater extent than any other 
industry, under the direct control of a class of big landowners whose 
relationship with lesser tillers of the soil was still more or less feudal in 
character. On the continent of Europe there were indeed some rulers, 
such as Frederick the Great of Prussia, whose personal inter\ ention 
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gave a direct impetus to agricultural advance, but nowhere did 
circumstances pr^uce a combination to rival the aristocratic agri¬ 
culturists who gave the lead in Britain and the class of substantial 
farmers who were able to follow that lead: numerous agricultural 
associations, of which the Bath and West of England Society, the 
Highland and Agricultural Society, and the Smithfield Qub are 
perhaps the most famous, w ere founded in the last quarter of the 
eighteenth century to foster this common purpose. Thus for about 
a hundred years Britain replaced the Netherlands in setting the 
standard in efficiency and modernization. Then, in the later nine¬ 
teenth century, as we shall sec, there came a twofold change. Cheap 
farming products from overseas were allowed to swamp the British 
market to the detriment of farming standards, whereas on the Con¬ 
tinent agriculture was sheltered behind a tariff wall and technical 
assistance was provided by the state. At the same time, the huge 
success which resulted from the opening up of the American Middle 
West and other areas of virgin soil, combined w ith a shortage of 
labour, meant that .America became the natural centre of techno¬ 
logical advance. 

From the light soil of the Netherlands there had come into the 
northern and eastern counties of England—and by about 1767 into 
Scotland as well—^a small type of plough, requiring fewer draught 
animals, whose distinctive ch^cteristic was a triangular frame; it is 
also significant that the curved mould-board w-as partly covered with 
an iron plate. The development of an all-iron plough was then com¬ 
pleted by Robert Ransomc, founder of the Ipswich firm of that name. 
In 1789 he introduced the chilled cast-iron share, of which the under 
surface had been cooled more quickly than the up{>cr surface, so that 
the blade was self-sharpening through wear; a few' years later he 
also devised an iron plough-frame with easily replaceable standard 
parts. The extension of the tilled area during the Napoleonic wars 
also led to the introduction of iron frames for harrow's as well, and 
to the use of a heavier implement, called the cultiv'ator, which could 
be mounted on wheels and had strong curved prongs penetrating 
deeply into the soil. The cast-iron roller, made in tw'o or more sec¬ 
tions for easier turning, likewise came into use in this period, though 
it was not until 1841 that the superiority of cast iron to wood 
or stone for this purpose was most strikingly demonstrated in 
CrosskilPs clod-crusher with its serrated disks (Fig. 339). We may 
perhaps mention here the first appearance of the lawn-mower, which 
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Ransomc began to manufacture in 1832: its inventor, Edwin Budding 
of Stroud, took the idea from the shearing of cloth. 

Progress was not, of course, uniform. There were plenty of wooden 
ploughs still in use in England in 1850, when steel mould-boards, 
to which sticky soil will not cling, were being introduced by John 
Deere on the American prairies; and the small farmer everywhere 
w'as in the nature of things seldom able to do more than stare at, and 
perhaps secretly env)% the equipment of his more well-to-do neigh¬ 
bour. In 1782 Jethro Tull’s seed-drill {see Fig. 22), made public by 



Fio. 339. Crosskili’s dod-cnisher 


his book in 1731, had been improved by introducing gears for the 
distributing machinery; and the drill was successfully adapted from 
the distribution of small seeds, such as those of sainfoin, to that of 
large seeds, and from large seeds to the distribution of manure and 
fertilizer. His horse-hoc was similarly elaborated into a machine 
that would hoc between several rows of crops at once. Yet the seed- 
drill, with which the rationalizing and mechanizing of farming pro¬ 
cesses virtually begin, was still described in Morton s Cyclopedia of 
Agriculture in 1851 as ‘steadily progressing*. In the last quarter of 
the eighteenth century Thomas Coke, who show cd that on coml^d 
at Holkham it saved i J bushels of seed and gave an additional yield 
of 12 bushels an acre, had found that its use spread at the rate of 

only a mile a year. ... 

Since harvesting w^ the most labour-consuming operation in agri¬ 
culture, it is rather surprising that the reaping-machines invented 
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in Britain and America from 1780 onwards were left ineffective 
for half a centur>\ Patrick Bell, a Scottish Presbyterian counterpart 
to EUlmund Cartwright, won a prize from the Highland and Agri¬ 
cultural Society for a cumbrous-looking machine, which at first 
used scissors, rather than the modem knife and cutter-bar principle, 
and which the horses were required to push (Fig. 340). This first 
attained some popularity in the iSso’s, when it was manufactured by 
Crosskill as the ^xrley reaj)er. Meanwhile, in 1833, the American 
Obed Hussey had invented a more practical machine designed to be 
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pulled, but this in turn was gradually replaced by the better-known 
machine of C>tus McCormick (Fig. 341), who made a series of 
improvements upon his original patent of 1834 and finally set up 
manufacture in Chicago in 1848; by i860 Hussey had gone out of 
business, and McCormick was producing 4,000 machines a year. In 
England McCormick’s invention was given much advertisement by 
the Great Exhibition in 1851, The Times remarking that it was ‘the 
most valuable contribution from abroad ... worth the whole cost 
of the Exposition’. At that date the parallel process of haymaking M’as 
still entirely unmechanized, apart from the use of an iron horse-rake 
to gather up the loose hay. But in 1856 American ha>'fields began 
to be mown by a machine equipped with a flexible cutter-bar so 
as to follow the unevennesses of the ground; as the price of labour 
there was such that the mower paid for itself in forty days* opera¬ 
tion, it quickly became established. 

In the further processing of grain crops the most primitive hand 
instrument was the flail, which had been used from time immemorial 
to separate the grain from the straw and the husks; under the open- 
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field regime this had provided the only regular, albeit very unhealthy, 
employment when winter weather made outdoor work impracticable. 
The first successful machine for the purpose was that invented by a 
Scottish mill\%Tight, Andrew Meikle, in 1784, in which a drum was 
rotated inside a curved shield, arranged like a mudguard on a wheel 
but with only a very small clearance: grain was fed in bctw'ecn drum 
and shield so that the husks were rubbed off. This type of machine 
came quickly into use, especially in Scotland and the north of Eng¬ 
land, the power being often obtained from horses, though in 1842 



Fig. 341. McConnick’s reaping-machine 


Ransomes won a prize from the Royal Agricultural Society for the 
application of locomotive steam-engines to threshing (Fig. 342). 
Meanwhile, a winnowing machine had been de\'eloped for the further 
separation of the com from the chaff by the use of a fan and sieves, 
which were respectively turned and shaken by rotating a handle 
outside the box through which the grain was passed. The way was 
thus prepared for a more complicated type of machine, which com¬ 
bined threshing with cleaning apparatus and screens for grading the 
com; in the later nineteenth centur>' these were usually engine-driven 
and were moved from farm to farm under their own steam according 
to the contractor’s engagements. 

As winter feed for cattle became an increasingly important part of 
the farm economy, machines with chopping knives and crushing 
rollers w’ere developed for the treatment of chaff, root crops, and 
cattle cake, the last a product of the residue left after expressing the 
oil from various oil seeds. On the model farms that were the glory of 
the great estates in the 1850*5 (Fig. 343), large barns would house a 
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N'aricty of such machines and probably a privately owned thr^hing 
‘drum*, all of which would be driven by shafting from a stationary 
stcanv^ngine. 


agriculture: the products 


The new equipment, as we have indicated, scr\ ed new purposes. 
After 1750 farm practice increasingly broke aw'ay from the medieval 
sj-stem, which at best ran at two-thirds pressure, for the land lay 



FlO. 342. Steam-driven threshing-machine, c. 1840 


fallow one year in three. Since the enrichment of the soil by animal 
droppings had long been a familiar aspect of animal husbandr}', 
particularly as regards sheep, and since the value of fodder crops, 
enabling a larger head of stock to be carried through the winter, 
was emphasized in the earliest printed books on farming, it is diffi¬ 
cult to see w hy the movement spread no quicker than it did. Qover 
and turnips were both well established in the Low Countries by 1650; 
clover was also being growm by then in north Italy, sainfoin in 
France, and lucerne perhaps in southern Spain. The year 1650 is in 
fact the date of the first printing of Sir Richard Weston’s book, A 
Discourse of Husbandry used in Brabant and FlanderSy showing the 
ufonderful improvement of land there y and serving as a pattern for our 
practice in this Commonwealth. Yet another full century passed before 
Engbnd set to work seriously upon the enclosure movement, without 
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which she could not have taken the lead in European agriculture. 
The Low G)untrics, on the other hand, already had such modern 
features as the laying down of arable periodically for leys; a specialized 
dairy' industry exporting both butter and cheese; potatoes grow'n as 
a field crop; the sy'stematic accumulation of organic manure both 
from farm animals and from towns and industry'; and a general 
abolition of the fallow year. 

Thus the Low Countries, where almost every conceivable type 



Fi< 3 . 343. Model £uin, Elngland, 1859 


of agriculture down to market gardening and bulb growing was 
practised in a compact area, were the original pioneers. For example, 
w hen Frederick the Great of Prussia set to work to transform the 
sandy w'ildemess of his possessions, the dairy* husbandry which he 
established, the drainage programme over w hich he quarrelled w ith 
Hanover, the enthusiasm for potatoes which his subjects resisted as 
far as they dared, and much else came to his country* primarily from 
Holland. 

The system of alternate husbandry’ commonly known as the Nor¬ 
folk four-course rotation was an adaptation to English soil of a seven- 
course rotation practised in Flanders. The industrial crops of the 
Flemings, including hemp and flax, oil and dye plants (p. 70), were 
omitted on this side of the Channel, as w'as the prorision for a long 
ley period in which the arable was sown with grass seed. From 
the light lands of East Anglia the four-course rotation spread to the 
lowlands of Scotland and to districts in Northumberbnd and the 
Yorkshire and Lincolnshire wolds w hich had not know n the plough 
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before. By 1850 it had become the standard English practice and had 
spread widely from there to the Continent, though it seems to have 
originated independently in parts of Italy and was also in use at an 
early date in the Moselle valley. 

The alternation of cereals with roots and green crops (most com¬ 
monly in the order wheat, turnips, barle}', clover) had truly spec¬ 
tacular ad\’antages. It was not only that the total of land under 
cultiv'adon in any given year w-as increased by one-third, but the 
soil conditions in the years allotted to cereals were iinproved, so tlut 
wheat became established in many areas where from time immemorial 
only rye had been grown. Weeds alwa>'s flourish among grain: for 
that reason the heaviest soils continued to require an occasional 
interruption of the four-course system as long as the ground could be 
worked only imperfectly with animal-drawn implements. In general, 
however, the hoeing of the root crop and the smothering of the weeds 
by its foliage in the later stages of growth kept that particular enemy 
within reasonable bounds, while results showed that the clover crop 
actually fed the soil—though many generations were to pass before 
scientists were able to attribute this correctly to the fixation of 
atmospheric nitrogen by bactcria-carrying nodules on the roots. 
At the same time, both turnips and clover provided winter forage 
for large additions to flocks and herds: these crops could be fed to 
them in field, fold, or yard, with a consequent provision of manure 
to enrich the soil. 

The most important end-product was grain, of which an increased 
supply was badly needed by an increasing popubtion both for food 
and, in the case of barlc>’, for drink. But stock^c^ing also under¬ 
went a transformation, not only because the additional supply of 
fodder increased the number of beasts, but because quality came 
under control when enclosed fields took the place as grazing ground 
of the unenclosed stubble and waste, where selective breeding lud 
been impossible. Among the stockbreeders who were quick to seize 
their chance the best-known name is that of Robert Bakewell of 
Dishley, the creator of the new Leicester sheep, small in size and 
great in \'alue. His object in this case was to pr^uce the maximum 
weight quickly in the joints of most value: he once let his famous 
ram. Two-pounder, at 800 guineas for the season, and altogether his 
rams might let for as much as 3,000 guineas. He w-as secretive by 
disposition, but his method clearly w^as one of in-breeding wnth 
carefully sclcaed stock to develop the points of most value: his Mid- 
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land black horse, which farmers sold profitably in London for coach 
and dray work, w'as so pow’crful in relation to its size that the agri¬ 
cultural expert, William Marshall, described one of the Dishley 
stallions as ‘being in reality the fancied war horse of the German 
painters*. With cattle, however, Bakewell was less successful than 
Charles Colling of Ketton, near Darlington, who with his elder 
brother Robert developed the Durham shorthorn. Among many 
other breeds, AyTshirc cattle deserve mention because they are said 
to ha ve been improved by importations from flolland, and among 
many other breeders. Coke of Holkham may be singled out because 
his interest in Devon cattle and shorthorn sheep had a widespread 
influence through his public position—he w'as Member of Parlia¬ 
ment for Norfolk for fiftj'-five years—and open-handed hospitality. 
Finally, the publication in 1791 of the Introduction to a General 
Studbook led the w'ay to the recording of pedigree herds and flocks 
as well as of thoroughbred horses. 

The Continent, as well as Great Britain, learned about the im¬ 
proved methods of cropping and breeding, not only from seeing what 
was done at Holkham by Coke or at Woburn by the Duke of Bed¬ 
ford, but from the propaganda writings of men like Arthur Young 
and William Marshall, which culminated in the establishment in 
1793 of a deliberately propagandist Board of Agriculture, proposed 
by Marshall but with Young as its first Sewtar)\ Although the 
French wars interrupted the free exchange of ideas, improved farms 
consciously based on the English model w'ere to be found as far 
away as Oslo, Norway. Nevertheless, it would be wTong to suppose 
that agricultural progress at this time was a British monopoly. The 
regional agricultural societies of England and Scotland had their 
counterpart elsewhere i the Roj’al Agricultural Society of Denmark, 
for example, dating from 1769, w'as older than any comparable 
British institution, and the Philadelphia Society for Promoting Agri¬ 
culture (1785) numbered both Washington and Franklin among its 
members. A presumed debt of Scotland to Dutch cattle has already 
been mentioned. Again, while the spread of the potato m a field crop 
in Ireland, where million acres were given to its cultivation before 
the famine in 1846, may safely be atmbuted to English ventures dat¬ 
ing from the seventeenth centuiy’, it is questionable how much its 
spread in Prussia from 1730 onwards ow^ to English example, and 
its establishment in Bavaria in the 1780*5 w’as certainly due largely 
to the American-born Benjamin Thompson, Count Rumford, who 
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had spent only half a dozen years in England. Again, tobacco and 
maize are examples of crops that came into greater prominence on 
the Gjntincnt than in Britain. It is also easy to understand that mili¬ 
tary powers with highly centralized governments, such as France and 
Prussia, required no English example in the development of stud 
farms and stallions to ser\’e peasants' mares in order to improve the 
quality of both cavaliy' and army baggage-trains. 

The two best examples of G)ntinental enterprise, however, are the 
sugar-beet and the merino sheep. The first is a new development 
which in the long run has partly replaced a transoceanic source of 
supply; the other a development which has met with an opposite 
fate since the Australian wool-supply became predominant in 
about 1850. The discovery of a beet rich in sugar w'as made by the 
German chemist A. S. Marggraf in 1747; to develop a source of 
supply alternative to the sugar-cane became important during the 
British blockade of the Continent in the French w'ars at the end of 
the century. The first sugar-beet factory in the world was built by 
F. Achard in Silesia in 1801-2, while Napoleon demanded the estab¬ 
lishment of the crop in France, Germany, and the Low Countries. 
The result w^ that by 1840 France had fifty-eight sugar-beet fac¬ 
tories, while the industry was also carried on in Germany. Sir 
Humphry Dav)', however, advised against the development of a 
beet-sugar industry by Britain, for w'hom her control of the seas in 
any case made the matter less urgent. 

As for the merino sheep, this was a jealously guarded Spanish 
monopoly which other powers broke into by various means. 
Napoleon, for instance, included merino sheep among his demands 
at the secret treaty of &n Ildefonso in 1800. There had been other 
earlier importations into France, as also into Sweden, Prussb, 
Austria, and Saxony. In Britain merino breeding was one of the 
many farming activities in w'hich George III took a personal interest, 
and the first importation was arranged for him by Sir Joseph Banks, 
President of the Ro}al Society. But the British market was for 
mutton as w’ell as wool; by 1840 Britain had few pure merino flocks, 
but flocks of merino t)*pe were prominent in France and especially 
in north Germany. 

Although the conservation of animal manure to enrich the field 
crops—rather than an increased supply of meat, dairy products, 
or even w'ool—was central to good husbandry in this age, other 
methods of enriching the soil were coming increasingly into vogue. 
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The andent practice of marling—that is, spreading a light soil with 
an excavated clay containing limestone — which in Britain had be¬ 
come confined to Cheshire and Kent, was revived in Norfolk and 
elsew here. The clay under the peat of the Fens was lateriously dug 
up and old turf and clayey soil used after burning. British improvere 
also imitated the practice of the Low Countries in using organic 
industrial waste from soap-boiling, from tailoring, and even the 
scraps of horn left over from the handle-making of Sheffield cutlers. 
From this there developed a large demand for bones, which were 
spread on the land after crushing or, later, solution in sulphuric 
add; in the i88o*s human bones that had whitened on the Balkan 
battlefield of Plevna were being purchased for this purpose. Mean¬ 
while, Peruvian guano (sea-bird droppings), whose merits for this 
purpose had been described in Portugal as early as 1602, became 
an important import to Britain in the 1840’s, while in 1842 J. B. 
Lawes of Rothamsted established the artificial-fertilizer indusoy' in 
England with his manufacture of superphosphate (p. 553)- A genera¬ 
tion later, the Chileans began to exploit the \'ast sodium nitrate beds 
which, until the advent of methods of fixing atmospheric nitrogen 
just after 1900, supplied at least two-thirds of the nitrate require¬ 
ments of the whole world, r> • • u 

Broadly speaking, half-way through the nineteenth century British 
farming practice still held the lead, though something like the same 
level was achieved in the Low Countries, parts of northern France, 
western Germany, Prussia, and the plains of north Italy. British 
agriculture had, indeed, suffered a severe setback when the termi¬ 
nation of the Napoleonic wars deprived farmers of their monopoly. 
The Board of Agriculture came to an end in 1821; nearly two de¬ 
cades elapsed before the foundation of the Ro)'al Agricultural Society 
‘proclaimed the alliance between practical farmers and men both of 
capital and of science’. The adv’antages which then for a time con¬ 
firmed British agriculture in its European pre-eminence were Ae 
rapid growih of population and the comparatively high purchasing 
power of the industrial towns; the availability of agricultural 
machinery, when required, in the ‘worlahop of the world ; the 
existence of a powerful upper class with a traditional interwt 
in agriculture and a readiness to invest capital in it for ^lal 
as well as economic reasons; and lastly, the fact that in the 1850 s 
and i86o’s the British, unlike the French, the Germans, the 
Italians, the Austrians, the Americans, and even the Danes, 
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were at no time seriously constrained to beat their ploughshares 
into swords. 

agriculture: world changes, 1850-1900 

In the third quarter of the nineteenth century, however, a change 
of balance began to be noticeable, which in the fourth quarter shifted 
so decisively that Britain and Europe had clearly ceased to be the 
main centre of agricultural ad\'ance. For the transoceanic world, 
from being a producer of raw materials and of foodstuffs which, with 
the exception of sugar, were of a non-essential character, became 
suddenly transformed into a bountiful supplier of necessities. It was 
the wheat, meat, dairy produce, and tropical products from overseas 
which enabled Europe, and especially Britain as its most indus¬ 
trialized country, to feed a population that was still rapidly increasing 
almost ever)*where (except in France), and what was more, to give it 
on the whole a more nourishing and more varied diet. Economically 
this was not achieved without strain and distress, espedally for corn- 
growing farmers in Britain who were not sheltered by any tariff, 
but also for very many of the pioneer agriculturists in the prairies of 
the New World itself, struggling as best they could against a steady 
decline in the price of the wheat that was their sole cash crop. They 
were all too often at the merc>' of railw ay monopolists and the banks, 
or as one of their newspapers succinctly expressed it in 1890: ‘There 
are three great crops raised in Nebraska: one is a crop of com, one 
a crop of freight rates, and one a crop of interest.* Nevertheless, 
what was being accomplished cannot ^ view'ed otherwise than as 
one of the outstanding triumphs in man*s exploitation of his physical 
environment. 

The area brought under cultivation in the United States between 
i860 and 1900 is estimated at over 400 million acres, that is, more 
than ten times the area, cultivated and uncultivated, of England and 
Wales. Coming ev’ents cast their shadow as early as the period of the 
American Civil War (1861-5), when three successive bad harvests in 
Britain occasioned a temporaiy dependence upon imported American 
wheat sufficient to damp down British protests at their being de¬ 
prived of southern cotton: in 1901 United States wheat exports 
reached an all-time maximum at 239 million bushels. By that time 
the United States was becoming industrialized, and Canada (with 
Australia and the Ukraine) was taking her place as a wheat producer, 
but the effect on Europe had already been comparable to that of the 
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influx of precious metals three centuries before. The methods used 
in this tremendous feat of exploitation were primitive as regards 
tillage but ver>' adv*anced in their economy of manpower (Fig. 344). 
The seed was drilled into a shallow furrow; instead of manuring 
there w'as a reversion to frequent fallow years; and the hope of a 
plentiful return from virgin soil was balanced against the risk of 
drought, hail, or a plague of grasshoppers. On the other hand, the 
four years of civil war gave a tremendous impetus to the use of the 
labour-saving McG)rmick reaper, which after 1858 had a highly 



Fig. 344. Larfe-scale ploughing, Dakota, c. 1880 


successful rival in the Marsh harvester, with a kind of chute which 
delivered the crop on to a table ready for binding. Just tw'enty years 
later J. F. Appleby made a supplementary invention of crucial 
importance—a binder-and-knotter, using balls of manila hemp and 
sisal twine, which worked eight times as fast as existing wire-binders 
and did not leave fragments to stick in machinery and the throats 
of cattle. Cultivating machines of various kinds were also developed, 
such as the Lister for maize, which ploughed, sowed, and covered 
simultaneously; steam-driven tractors began to be used as well as 
big threshers (Fig. 345) and finally the combine, which processed 
30 acres of standing com into wheat sacks in one day. By 1899 the 
annual output of agricultural implements in America, including 
export sales, was worth loi million dollars, as compared with 
7 million dollars fifty years before. 

Meanwhile, the opening up of new territoty by the transcontinental 
railway, which brought the farmer to the land and carried his wheat 
crop from it, was also a decisive factor in the growth of a meat¬ 
packing industry. \Micrc in pre-railway days the Indian and the 
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bison alone had flourished, the cowboy and his cattle ranged freely 
for about two decades. The quality of the stock which had been first 
imported by the Spaniards was improved from British strains, and 
a technique was developed of fattening for sbughter, sometimes with 
‘blue grass*, but chiefly with maize, of which 75 bushels were needed 
for each animal over a five months period. By 1886 there were about 
45 million canle on the ranges, but the range system then rapidly 
declined as the farm frontier advanced and asserted its lawful rights 
with the new barbed wire. In the end, too, the cattlemen found it to 



Fia 345. Threshing in California, 1883 


their own interest to replace the hardy longhorn (still familiar in 
films) by better breeds for which the open range would in any case 
have been unsuitable. 

For Australia and New Zealand, flocks and herds were a source 
of wealth preceding any important export of meat. Merino sheep, 
imported both from South Africa and from George Ill’s model farm 
at Kew, flourished in Australia on open ranges; by 1820 Captain 
Macarthur’s first venture of 1797 had grown to an average of nearly 
four sheep per head of population. For a long time to come the wool 
only, and not the mutton, constituted the principal export of 
Australia: hence a great struggle to grow wheat in a land where low 
rainfall, bek of phosphates, and a stubborn soil—the stump-jump 
plough speaks for itself—debyed success until the i88o’s. Mean¬ 
while, cattle grazed on open ranges, as in America, and although this 
did not lead, as there, to an important industry in canned meat, it 
led to dairj'ing, so that when refrigeration began in the i88o*s butler 
and cheese could be sent across the w'orld together with beef, 
mutton, and lamb. New Zealand, beginning a little later with easier 
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conditions of work, followed the same general trend of development 
so far as agriculture is concerned, though its exports never included 
any substantial quantity of beef. But the Australian beef was driven 
out of the export market soon after 1900 by the new and more popu¬ 
lar chilled beef of the Argentine. 

Tropical agriculture likewise benefited from the new opportunities 
w hich modem transport provided and w'hich the w’hitc man—in this 
case the entrepreneur and capitalist rather than the settler—was 
quick to seize. Old trades were energetically, if not always success¬ 
fully, transplanted: India and Ceylon, for example, became great pro¬ 
ducers of tea, though an ambitious attempt to transfer coffce-plandng 
from the British West Indies to Ceylon proved an almost complete 
failure. Sugar plantations, which in the British West Indies suffered 
from the same handicap as coffee, namely a chronic labour shortage 
after the emancipation of the sbves in 1833, w'crc successfully in¬ 
troduced as far afield as Queensland; at the end of the nineteenth 
century, out of a world sugar supply of 12*4 million metric tons, 
6*4 million still came from canes. Together with tea and coffee, 
which thanks to an increasing supply of sugar played an ever larger 
part in European life in the nineteenth centuiy’, must be mentioned 
cocoa—the cheaper and more popular \'aricty of drinking-chocolate. 
The w'ord itself dates from the end of the eighteenth centuiy', but it 
was in the second half of the nineteenth centuiy' that the cocoa-bean 
became an important export from the West Indies, the Gold Coast, 
and finally Nigeria. 

Products of tropical agriculture that w'ere wholly new’, so far as the 
European trade was concerned, include West African palm-oil, made 
from the fruit of the tree, which began to reach Britain in 1772 and 
was used largely in candle and soap manufacture but to some extent 
also in foodstuffs. For the latter purpose, however, the fat derived 
from oil seeds, particularly groundnuts, was more important: the 
first groundnuts were brought from Gambia in 1830 and half a 
century later they were used in the new manufacture of margarine. 
The popularity of the West Indian banana, which began to reach 
Europe only in the 1870*5—though Americans w'erc eating it ex¬ 
tensively a generation or so earlier—illustrates the importance of the 
European market for transoceanic fruits of all kinds, w'hich developed 
as rapidly as the means of convc)’ancc, whether in the refrigerated 
hold or the sealed can, could be contrived. To this subject of food 
management and preserv’ation, w’hich was becoming increasingly 
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important with the increasing remoteness of consumer from pro- 
ducCTj wc must shortly turn. 

Brief reference must, however, be made to the technical progress 
of British and European agriculture during this period, when for the 
first time in Europe’s history her own food producers were ceasing 
to be her main source of supply . Untd the catastrophe of the 1870^5, 
the tilled area in Britain was still being improved both in extent and 
quality. It was in this era that the c)'lindrical clay-pipe, the pipe¬ 
making machine, and the provision of government drainage loans— 
all three innovations of the mid-forties — ^at last made possible the 
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general drainage of heavy land. There was an increasing use of ferti¬ 
lizers; machinery for cultivating, reaping, and processing crops was 
more widely adopted, and much of it was now' harnessed to steam. 
Steam-ploughing (Tig, 3,46) came to be something more than a 
curiosity, though the many farmers who could not afford both horse 
and engine kept to the more familiar and more adaptable power of 
the horse. Productivity was also increa^ied by the development of 
improved types of seed, such as Squarehead Master W'heat and 
Chevalier barley Moreover, in the breeding of livestock British 
farmers maintained their lead—'which they have never wholly lost— 
as it was comparatively easy for them to keep large pedigree herds, 
thanks to new' feedingstuffs, including the maize and compound 
cake (made partly from palm-nuts) which the free-trade system made 
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readily as-ailabk to them from overseas. British husbandry was even 
able to surmount a big epidemic of cattle plague^ which necessitated 
the slaughter of as many as JOjOCo cattle in a single week Just after 
the belated passage of the Cattle Diseases Preventiori Act of iS66. 

No such measures, however, could save the situation in the 1870’s, 
when a series of bad seasons culminated in the almost continuous 
rain of the summer of ^879, which spoilt the hay as well as the com 
harvest and was accompanied by serious outbreaks of disease, both 
of foot-and-mouth disease among the cattle and of liver-rot in 
sheep* The treacherj^ of the English climate w^, of ^urse, no oew^ 
phenomenon, but from 1879 onw'ards English Arming lost its old 
resilience, because the flow of cheap corn imports from outside 
Europe, which the bad seasons helped to establish, acquired an 
ever-increasing momentum, due to favourable conditions of produc¬ 
tion and transportation against which the English farmer could not 
compete. In the last thirty years of the century the corn-growing 
area in England and Wales shrank from 8,244,392 acres to 5,886,052 
acres. Broadly speaking, the farmers who still made a good living 
were no longer to be found among those who conld put most capital 
into increasing the wheat crop, as in the dap of high farming, but 
among dairy fiumers, fruit and vegetable growers, and among special¬ 
ists in home-growm beef and mutton. Their wares continued to be 
preferred at home to the imported article, and a good many prize 
animals w'ere still sent abroad. In other respects the landed interest, 
as a whole, was forced to economize at the expense of technological 
progress. 

Broadly speaking, the situation on the Continent wiis less depress¬ 
ing than in the United Kingdom, because almost ever}' government 
erected a tariff-harrier and in other wap showed solicitude for the 
vi'eH-being of its rural population, which in most cases was a larger 
proportion of the whole than in Britain. Blsimarct, for example, 
when imports of rj'C, oats, and barley from Russia doubled in tw^o 
years—the spread of the European railw'ay nctw'ork made this a more 
immediate danger to the German farmer than the American wheat^ 
three times increased the tariff. But even in Germany, where the 
work of Liebig had given a great impetus to scientific agriculture, 
not only as regards the chemistry of the soil but through the study 
of animal feedingstuffs, the last two decades of the centurj', though 
they saw 2k million acres added to the area under crops, were a 
period of much slower advance than their three predecessors* In 
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France, where large, highly capitalized estates were far fewer than 
in Germany, the slowness of technical ad\'ance may be measured 
by figures for the use of machinery, collected in 1892. At that date 
there were million holdings of all sizes, of w hich i in 14 possessed 
a horse-hoe, i in 15 a threshing-machine, only i in 140 a drilling- 
machine, and 1 in 150 a reaper. France was, however, using increased 
quantities of artificial manure, especially after the discovery of the 
North Afirican phosphates at the time of the French occupation of 
Tunisia in 1881. 

Italy, like most European countries apart from France, bore silent 
witness to the relative decline of her agriculture in the great efflux 
of her population to the American continent. One outstanding feature, 
no doubt related to the continued predominance of large landowners, 
was the fact that, in contrast to the rest of Europe, Italy had a larger 
quantity' of sheep in 1900 than in 1850. Holland suffered less than 
many other countries because she had long been a dairy' and cattle- 
keeping country'; the Dutch still found it profitable to reebim land 
by extracting the peat for fuel and laboriously mixing sand and farm¬ 
yard manure with the cby subsoil to make it manageable and fertile. 
Denmark, more than any of her neighbours, found salvation, when 
corn-grow ing ceased to be profitable, in a technical efficiency' w hich 
was made possible by a high level of rural education and the in¬ 
spiration of the folk high schoob, and in a determination to seize 
every advantage from a sy'stem of agricultural co-operation. Thus 
the invention of the mechanical cream-separator (p. 693) led to the 
establishment of co-operative dairies, while the smooth working of the 
co-operative bacon factories resulted from the production of a stan¬ 
dard pig, so nicely adapted to suit the English palate that the product 
of British sties was almost everywhere regarded as inferior. In Norway, 
on the other hand, the impact of American wheat was even more 
catastrophic than in Engbnd: in the i88o*s many of the poorer 
fiumstcads were left entirely untenanted, and for four years the 
movement to the American Middle West, particularly the Dakotas, 
was on such a scale that the total population left in the homebnd 
actually shrank. 

FOOD management: fish supplies and whaling 

The action of the reindeer hunter, who in the loneliest regions of 
northern Europe still buries his kill under a loose heap of stones on 
the windsw'ept hiUside, knowing that the cold air will preserve the 
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meat until it suits him to return, is a reminder that the art of storing 
and preser\'ing food is older than agriculture itself. It became vastly 
more important, of course, in the second half of the ninetwnm 
century when, as we have just seen, huge new supplies of food, 
including meat and dain’ produce, became a\'ailablc for transoceanic 
markets. It will be convenient, however, to consider first another 
foodstuff which had long been in plentiful supply but whose use was 



FlO. 347. T anding and curing cod, Newfoundland, 1715 


limited by the problem of how to preserve it—a problem which had 

only very partially been solved. r l 1 c 

The hard est of the sea, including the flesh and oil of the largest ot 
mammals—that great Leviathan whom Thou has made to take his 
pastime therein—had attracted the daring and enterprise of man¬ 
kind for long ages before the Psalmist wrote, but the usefulness of 
a cast-up whale-carcass, to say nothing of fish caught at an uncertain 
number of da>V sail from the shore, w as sc\'erely limited by its rapid 
deterioration. From the Middle Ages European man had, as we have 
already noted (p. 63), dried, salted, and smoked fish on a consider¬ 
able scale (Fig. 347). In the seventeenth and eighteenth centuries 
the whale was hunted increasingly for its oil and the w halebone— 
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horny plates in the mouths of toothless Avhalcs, through Vr hich they 
filter their diet of plankton from the sea—highly valued as material 
for corsets^ umbrellas, and even springs. The quarry, however, had 
been virtually exterminated in temperate European Ts-aters; whaling 
became concentrated in the Arctic, where Dutch and English ships 
worked along the edge of the ice from Spitzbergen to the Davis 
Strait, In the same period, Dutch, British, and French herring- 



Fic. 348 . Prepmtion and iiniokiii^ herriny, France, 1770 


busses drove their traditional trade (p. 64) in fishing^grounds rang¬ 
ing from the Shetland Islands to the Thames estuary, according to 
season, and the curing of the fish was an important activity in the 
coastal towns of all three countries (Fig. 348), Within living memory, 
the poorer students at Scottish universities stocked up for the winter 
with 3 barrel of herrings and a sack of oatmeal. 

It was an achievement of the nineteenth century that, w hen the 
growth of towns and industry was making freshwater fish a rarer 
delicacy than ever, sea fish in prime condition became more widely 
available. Three interreLated factors may be distingtiished. One was 
the increased efficiency of the fishing boats. As they became larger 
it became more practicable to carry a big sea-water tank, in which 
line-caught fish could be kept alive at sea, in many cases for at least 
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3 week. In shallow coital i^'aters, trawling, in which the net gathers 
the fish up from the sea bottom, w'as an alternative method that had 
been practised to some extent since the fourteenth century; it 
caught many fish, but they were mostly dead w^hen hauled on deck. 
But this method could be developed to full advantage iivhen the 
Oogger Bank area began to be exploited, about 1850, and steam was 
used, first for carrier-vessels to lint the fishing-fleet with the market 
and, from about 1883, for theactual trawlers and for herring^rifters. 
The second factor was the railway, which connected the fishing ports 
expeditiously with inland industrial naarkets. The use of ice in the 
transportation of fish, w'hich is the third factor, had begun before 
1800 for such luxury trades as the dispatch of Scotch salmon to 
London, and was an essential feature of the growing railway traffic; 
it also made possible the longer preservation of the catch at s<^t A 
Yarmouth trawler-owner, Samuel Hewett, began to employ it in 
his boats about 1855, and Nonvegian ice was soon imported on a 
large scale, enabling Britain’s east coast fishing-fleet to range as far 
afield as Iceland* By 1900 the icc was factory-made and in plentiful 
supply; but as its preservative qualities arc strictly limited, whether 
for sea or land transport, cold storage w^as preferred as an alternative 
for large-scale operations* Experiments in the freezing of fish were, 
however, unsatisfactory, for it was not until much later that the 
secret of avoiding deterioration in the thaw was found to lie in a very 
rapid freezing, 

WTiale-hunting, meanwhile, had undergone a much more dramatic 
transformation* By 1S50 the Arctic right whale was becoming very 
scarce, and it needed only the disappearance of the crinoline and the 
substitution of steel busks for whalebone in corsets to make the 
chase hopelessly unremuncrative. The i86o’s likewise saw' the de¬ 
cline of the American industry, based on searching in w'arraer wuteire 
for the sperm whale, which has teeth instead of w'halebone but is 
rich in oil and spermaceti, an excellent material for wax candles* 
The Civil War dispersed the whaling-fleet, which found a use as 
block-ships, and thereafter the American whaler fought a losing 
battle against cheap paraffin (p* 5 ^ 7 )' The period of adversity re¬ 
sulted in longer voyages and the dev'clopment of new techniques. 

In the course of a five-year voyage a ship would visit both the 
Arctic and Antarctic and in between would cruise in search of sperm 
whales in the tropics* This was made more profitable by the practice, 
first adopted by the nAjnericans, of stripping the blubber foom the 
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Fio. J49. Hand-harpooning, nineteenth 
century 


dead whale while it floated alongside the ship. The blub^r was 
minced, and was boiled in cauldrons which were set up on brickwork 
on the deck and fuelled with the oil-soaked scrap; the oil was then 
barrelled and sent home by freighter from the nearest convenient 
port. The t>’pe of ship used was a wooden sailing-ship, from which 
the attackers approached the whale in a small rowing-boat (Fig. 349) 

—though an adult sperm or 
right whale is likely to 60 ft in 
length—hurled a harpoon at it 
with rope attached, and when 
the speared beast was sufficiently 
exhausted by its wound and the 
towing, hauled in the line and 
dispatched it with long lances. 
Thus whaling was inexpensive 
of everything but manpower, and even this cost is said to have 
been much reduced by desertions, since the crew did not receive 
their pay from the profits until the end of the long voyage. 

The largest whalebone whales, such as the 90-ft blue whale, had 
always been virtually immune from human attack: they were too 
large and active to approach, and—unlike the sperm and the right 
whale—if killed, sank to the bottom. It was a Norwegian, Svend 

Foyn, who about i860, while 
hunting the smaller whales off 
the Norwegian coast, developed 
the modem whaler and harpoon- 
cannon (Fig. 350). The whaler is 
a small steam-boat fast enough 
to approach any whale. The can¬ 
non fires a ver)' heav)’ barbed 



Fio. 350. Harpoon camton, 1870 


harpoon on a 400-fathom rope, the head of which contains a charge 
designed to explode after entering the whalers body: this may kill 
outright, but its primary object is to cause the barbs to spread out in 
the flesh, so that the rope cannot be shaken off. In the first ventures 
in north Norway the dead whale was towed as it was to harbour; but 
when Foyn applied his invention to the great w hales of the Antarctic, 
there was an arrangement of puller's and springs on board the whaler, 
to take the strain if the wounded beast pulled the line suddenly taut, 
and a steam-winch to haul up the carcass from the depths, so that it 
could be inflated with air from a hose-pipe before towing to the 





24 FISH SUPPLIES AND WHALING 6?n 

ji&irest convenient shorc^tarion to extract the oil. Such shore- 
stadons were set up, mainly with Norwegian labour, in various parts 
of the world where whales were to be founds 
By the end of the century whales, especially the largest species, 
were becoming scarce and attention began to be concentrated upon 
the Antarctic, the first shore-station being established in South 
Georgia in 1904* The floating factor}', which could haul the largest 
carcasses on board ship for treatment, did not come undl a generation 
later, but already the hydrogenation process for converting the oil 
into hard fat had made the whale an important source of raw materials 
for both soaps and margarine. 

PROCESSING AND PRESERVATION OF FOOD 

The widespread use of margarine, which was first invented in the 
1860*3 by the French chemist, H. Mege-Mouries, and the bitter 
struggle about its name—the term 'margarine* is a misnomer, which 
has been enforced by law in Britain since 1887 in place of the more 
alluring 'butterinc* then preferred by its manufacturers—provide an 
interesting illustration of the commercial importance of the applica^ 
tioD of science to the processing of foodstuffs. Neither hardened 
whale-oil nor many others of the fats used in the produedon of 
margarine could have been employed as food in an earlier generation. 
Moreover, much of the food that mankind bad used from time im¬ 
memorial could be used only at or near the place of production until 
food technology, roughly about the time of the Great Exhibition of 
1851, began to develop the numerous modern processes of preser¬ 
vation. At that date the population of England and Wales, the most 
urbanized major area in Europe, was still almost exactly one-half 
rural^ as the urban areas grew, the problem of maintaining, let alone 
raising, the standard of diet w ould have been quite insoluble by the 
old methods. The three staple products—bread, meat, and milk— 
illustrate this. Com was still ground mainly in small water- or wind- 
driven mills scattered all over the country, and bread was still 
commonly baked at home in the south as well as the north: only 
incompetent housewives bought ready-prepared food, except in emer¬ 
gency. London*® meat-supply still entered the capital mainly on 
foot. The best milk in the large towns was still that produced by 
suburban cow-keepers up to the time of the great outbreak of cattle 
plague in 1S65, when necessity compelled daiiy'men to organise the 
train-borne supply more carefully. As for canning, its use w^as still 


ftq, AGRICULTURE FOOD 24 

largely confined to ^a^'al expeditions, particularly ^osc of pobr ex¬ 
plorers: even sOf a high proportion of the large consignment supplied 

to Sir John Franklin for the ill- 
fated Ertbus and Terror in 1845 



Fio. English flour¬ 

mill, f. [859 


proved to have gone bad. 

But before we consider the 
new large-scale methods of food 
preservation, of which Ginning 
was the first, brief reference 
must be made to the later history' 
of older methods of treating food 
for preservationj convenience of 
use, or increased palatablencss. 
Popular taste w'as one factor in 
the supersession of the old stone- 
milled flour, though there was 
also the fact that it kept less well, 
because its relatively high con¬ 
tent of oil tended to go rancid ► 
Both the ‘low'milling’of England 
(Fig, 35 Ot w'hich the mill¬ 
stones were all the time kept 
close together, and the ‘high mill¬ 
ing’ of Hungary- and the Gan- 
tinent in general, which dealt 
with a more brittle grain by 
bringing the grindstones closer 
together in stages, gave place by 
degrees to roller-milling. This 
process, first introduced in Hun¬ 
gary about 1840, passed the grain 
through a scries of pairs of spir¬ 
ally fluted rollers, follow-ed by 
pairs of plain rollers, so as to 


produce some five or six different qualities of floor from the same 
wheaL The product W'as very' white; economical in use (because it 
absorbed more w-atcr); made tall, welTpiled’ loaves; and had superior 
keeping qualities. In the late 1870’s this type of milling, w'hich be¬ 
came very popular in America for the hard red spring and winter 
wheat of the Middle West, accompanied the American grain to 
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Britain. Marketed in standardized blends from lar^e mills situated 
mainly at the portSj this new flour suited the needs of large bake¬ 
houses, which employed tneadmgand other processingtnachines and 
the steam-heated ovens that began to appear after 1850. The use of 
machinery to produce reliable standard quantities and qualities of 
flour and other ingredients was even more important to the biscuit- 
maker—of whose service to the houscivife even Mrs. Beeton ex¬ 
pressed appro\'al—for his reputation depended upon maintaining an 
absolutely uniform product. 

As regards milk, the development of the milk-train was helped 
by the use of a water-cooler at or near the place of origin, and large 
chums of tinned steel plate were introduced for its conve>'ancc 
between the farm and the roundsman’s cart* Milk bottles were 
beginning to appear by 1900, but only for milk that had been "p^tsteur- 
ized* against tuberculosis by Pasteur’s method of heat-sterilization* 
In the history' of butter-making the principal event was the inven^ 
tion of the centrifugal crcam-separatof by Gustav do Laval in 1S77, 
which enabled the larger dairies to economize both in the labour 
of skimming and in the space that had previously been occupied 
by the large shallow pans where the milk was set for the cream to 
rise. Cheeses—which, in western Europe at least, arc of all food¬ 
stuffs the one characterized by the largest element of traditional local 
idios>'naas>'—began to engage the attention of hacteriologisK. In 
the United States, Canada, and Australia, though not in its original 
home in the West of England, a factory-made ^cheddar’ cheese wtis 
produced, and the discovery' that the ripening-agent in cheese is an 
enz)'me that produces the best results when working at rather low' 
temperatures incidentally vindicated an ancient practice among 
Somerset farmers, w ho ripened their cheeses in the cool caves around 
Cheddar Gorge. About the same time as butter and cheese came to 
he made by large-scale processes, experiments were also directed 
towards preserv'ing milk. 1 here was a British patent for conden¬ 
sation’ as early as i 835 > hut the American, Gail Borden, who con¬ 
centrated milk by evaporation in a vacuum and then sold the product 
from open vessels like ordinary milk, w^ the true pioneer; he also 
produced a canned condensed milk w'hich was preser\'ed by the in¬ 
clusion of sugar, Borden’s fii^t fictoiy', for unsweetened evaporated 
milk, was opened in 18601 the manufacture was greatly stimulated by 
the American Civil War of 1861-5* Unsweetened condensed milk 
was not canned until tw'cnt}'' years later, when a Swiss immigrant, 
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B. Mcycnbcrg, established in America a process with which he 
had bug been ejfpenincnting in his native country for steriliza¬ 
tion in a pressure-cooker. Dried-milk powder was made in England 
as early as 1855, sodium carbonate being added to the milk before 
evaporation and cane-sugar afterwards, so as to produce a dough that 
could be satisfactorily ground to powder after diy ing; pure dried 
milk first appeared on the American market just before the end of 
the century. 

Sugar as a preserv^itivc had, however, a much longer history than 
that of Its use in sweetened condensed milt. A domestic conserve of 
fruit prepared with sugar was known as a prescr^'e by 1600 and as 
jam by 1730; but it was the agricultural depression of the 1870’s 
which caused English farmers to search for a new market for their 
fruit and so led to the growth of jam factories. Then, before the dis¬ 
covery of means of storing fruit pulp to make an inferior jam out of 
season, jam-makers added orange marmalade and other confections 
to their wares in order to maintain a continuous output The methods 
employed were purely empirical, for the makers knew nothing about 
pectin and until about 1900 did not even use a jam-boiling thermo¬ 
meter. But the sales w^cre enormous, especially in industrial areas, 
where a highly flavoured spread for bread that was cheaper than 
butter and economical in use Wfas widely needed; jam also served to 
make margarine more palatable. 

Breweries resembled jam factories in that they replaced what had 
once been a common domestic activity, but home brewing had been 
on the decline since the later Middle Ages ‘ changes in modem times 
took place within a well established local industry. 

The rise of porter brewing after lyzz was particularly importanti, 
for it provided for the first time a product with good keeping pro¬ 
perties that could be widely distributed. British brtwxrs not only 
built up a nation-wide market, helped by the establishment of the 
canal network, but a large export business, especially with the Baltic 
and, later, with the East; India pale ale enabled the Briton abroad to 
enjoy his national drink in perfect condition despite its long and slow 
Journey* 

London was already jfamous for its large breweries, such as Samuel 
Whitbread’s, which employed a capital of £271,240 in 17901 by the 
carlj nineteenth century, eleven big concerns satisfied most of the 
thirst of the metropolis. But small-scale brewing by one licensee in 
three was the practice in the English provinces, and conditions in 
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Other beer-drinking countries, such as Germany and the U.S.A., 
were roughly similar. In 1873 there were still some 4,000 American 
breweries, with an output of 10 million barrels: seventy yeare later 
the breweries were one-ninth as numerous, the output eight times as 
great. An important factor in the change was the growing substi¬ 
tution of scientifically based techmques for the purely empiriwl 
methods on which small firms had always relied; this began with 
the publication in the i86o*s of Pasteur’s studies of yeast fermen¬ 
tation. 


CANNING AND REFRIGERATION 

Canning differs from preservation with sugar, not only in its far 
wider applicability, but in the circumstance that failure could be 
extremely dangerous, even fatal, so that the canner was far more 
anxious than the jam-maker to put his trade upon a scientific basis. 
Pasteur’s studies of bacteria in the i860 s made a scientific approach 
possible, but it w'as not until the late 1890’s that the fundamental 
principles of prcser>ing food in cans were firmly established. Briefly, 
two essential conditions must be fulfilled. First, the food to be pre¬ 
served must be sufficiently heated throughout its bulk to destroy 
harmful enz)'mes and bacteria: in many early instances lack of suc¬ 
cess was due to failure to sterilize material at the centre of large con¬ 
tainers. Second, the containers in which the sterilized material is 
kept must be hermetically sealed, to prevent its reinfecnon by air¬ 
borne bacteria and moulds. The process had been ongmated by a 
Paris confectioner, Fran9ois Appert, to whom Napoleon awarded 
a prize first offered in 1795 to improve the condition of provisions for 
the Rcvolutionar>- armies. His method at the outset was to place the 
food in glass bottles or jars, which were then loosely corked, im¬ 
mersed in boiling water, and finally sealed down as tightly as po^ible. 
The use of tinplate (p. 496) canisters or cans was an English im¬ 
provement, patented by Peter Durand in 1810 and taken up by 
Brvan Donkin (p. 646), who combined with othere to set up in 
Bermondsey the earliest English cannery; they supplied their soups 
and preserved meats to the British Navy during the ^mcan War 
of 1812. The final sealing of the cans was done by soldering. 

It was soon recognized that better results could be achieved if the 
process of heat sterilization was carried out at temperatures a little 
higher than that of boiling water: excessive heaong however was 
to be avoided because of its effects on the taste and quality of the 
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food. To achieve the necessary increase in temperature, Api^rt had 
used autoclaves resembling pressure-cookers (p. 317), and it was a 
member of his family who about fifty years later first provided th^ 
with pressure-gauges gi\'ing more precise control. An alternative 
v^-as to use a bath of boiling calcium chloride solution, patented in 
Britain in 1841, as the boiling-point of such a solution is substantially 
higher than that of water. The latter method ^-as practised in Britain 
about the middle of the century, the food being partly cooked and 
the cover of the can almost completely soldered on before placing it 
in the bath; the steam-hole was then soldered and the heating of the 
hermetically scaled can continued a little longer. Stephen Goldncr 
employed this process for canning the soups of the Franklin expe¬ 
dition in 1845: he used large cans, and much of the soup went bad. 
Worse ^-as to follow, for in 1850 the same supplier had a total of 
111,108 lb of tinned meat condemned, belonging to the same 
Admiralty contract. The probable cause was his use of tins greatly in 
excess of the earlier maximum of 6 lb: the heat did not penetrate the 
contents, with the result that sterilization w'as incomplete. Although 
canned meat had begun to be imported from Australia in 1847 and 
the first salmon canneiy' had just been established at Cork in 1849, 
the industry as a whole suffered a temporary set-back, although 
canning still proceeded on a considerable scale (Fig. 352). 

Though canning was nude progressively safer, it was not until the 
end of the centur)' that studies at the Massachusetts Institute of 
Technolog}' finally established the fact that cooking at a temperature 
of 240-250® F. for periods vaiying with the commodity and the size 
of the container was nccessaiy’ for all products of low acidity, such as 
meats, fish, and vegetables. \Vhere the acidity is high, however, as 
in the case of fhiits, the boiling-water bath gives adequate protection 
against damage by bacteria. Meanwhile, a new stimulus had been 
given to the industry in America—where it had been introduced 
from Britain as early as 1817—by the needs of the armies in the Gvil 
War, and in Britain by the scarcity of fresh meat resulting from the 
cattle plague (p. 685). From 1868 onwards P. D. Armour and others 
began to de\’clop the gigantic meat-packing concerns, with carcasses 
processed on an assembly-line, for which Chicago became famous. 
Fruit and vegetables, on the other hand, could be canned more 
economically in the localities where they grew : in the period 1870- 
1900 the number of such canneries in Ae United States rose from 
97 to 1,813. The elimination of gluts and scarcities, the provision of 
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a varied standard diet, and the release of the housewife from tedious 
duties in the kitchen, all made a strong and popul^ appeal. 

There were numerous ancillary inventions, ranging in the decade 
1893-1903 from a picking-and-shclling machine for peas to the 
‘iron Chink’, a device for mechanizing the \'arious preliminary pro¬ 
cesses in the salmon canneries when Chinese labour >^'as excluded 
from California. But the nuking by hand of the tinplate canister. 


Fia 35a. A Houndsditch auuierj’, 185a 

which was still the usual practice even in the i86o*s, would have set 
serious limits to the gro^^th of the industiy'. As early as 1847 a drop 
press to make the flanges of the disks forming the tw o ends was in¬ 
vented in America; twenty years later there was a machine to solder 
the side-seams; and by the end of the century the maimfacture of 
the lapped-seam can was entirely automatic (Fig. 353). The t>T>c of 
can prevailing in the n^entieth century has locked sidc-seams and 
double seams at the ends. A machine for making such seams was 
available at Wakefield as early as 1824, and by 1870 the firm t^t 
made it was recommending the use of a rubber conyosition for 
perfecting the seal. But the modem open-topped type of can did not 
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come into common use until a rubber composition for perfect joint¬ 
ing of can-ends was patented in America in 1S96-7. 

The advantages of refrigeration for preserving food were well 
known through the increasing use of ice, not only in the fish trade 
but (from about 1850) in the all-year-round curing of bacon in 
ice-cooled cellars, to say nothing of the familiar luxury uses of ice in 
the serving of wine and other drinks and sweets: as early as 1S05 
it was exported from New England to the West Indies. Since demand 
clearly exceeded natural supply—Trevithick w'as told in i8a8 that 
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^as much as 100,000 a year was paid in this place [London] for the 
use of ice*—ice-making machines began to be patented in the 1830*3 
and became numerous in the iS^o's, the cooling effect depending 
either upon the expansion of compressed a ir or upon the evaporation 
of very volatile liquids such as liquefied ammonia. James Harrison, 
who had emigmted from Glasgow to Australia and became editor of 
the Melhtirtti made an improved etherncompression machine— 
which enabled him not only to work an ice-factory, but to provide 
an Australian brew'ciy' in 1851 with a refrigerating machine that made 
it possible to brew satisfactorily even in hot weather—and in 1S73 to 
furnish a public banquet with meat, poultry, and fish which had been 
frozen for six months. Both Harrison and T. S. Mort, a fellow-Aus¬ 
tralian who had established the first meat-freezing works at Sydney 
in 1861, had a clear Idea of the enormous commercial possibilities of 
the frozen-meat trade; they tried to adapt their plant for shipping 
frozen meat to England, but it broke down at sea. How'ever, in 1877 
frozen mutton was successfully shipped from the Argentine to Le 
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Havre in a ship equipped wiih ammonia-compression machinery; 
owinf to a coUision^ the voyage took six months, but the hard^ftozen 
meat remained in excellent condition. A compi^sed-air refrigerator 
was thereupon fitted to a British ships w^hich in February" i8So re¬ 
turned to London from Australia with 40 tons of frozen beef and 
mutton; in the same year a sailing-ship with the same ty"pe of plant 
carried the first mutton and lamb from New Zealand. By 1900 a 
special type of ship was conveying carcasses by the million from 
Australia, New Zealand, and the Argentine; dairy produce, fhiit, 
and vegetables soon followed where meat had led the w'ay» 

Frozen storage at approximately 14'^ R was found to be less ^tis- 
factory for many products, such as eggs and apples, than chilling 
or cool storage at about 30^ F* This had been tried about 1870 for 
conveying beef from the United States to England in a ship's hold 
cooled by a mixture of ice and salt. In 1879 die same trade was at¬ 
tempted with the use of a compressed-air refrigerating machine: 
helped by the shortness of the voyage, American chilled beef came 
to dominate the British market for beef imports until well after the 
turn of the cc^tury^ Not until much Uter, however, were the tech¬ 
nical problems of freezing and thawing without senous effect on 
quality satisfectorily solved, especially in the case of meat. 

Two other methods of preserving food must be mentioned for the 
sake of completeness. One is dehydration, w hich towards the end of 
the century was commonly applied to eggs as w ell as to milk. In 
general, however, public taste was not disposed to appreciate such 
prod ucts except under the necessities of w^r, or, in the case of vege¬ 
tables, as a preventive of scurvy on board ship; they were employed, 
however, in the food industries. The second is the employment of 
chemical preservatives and so^alled improvers, which was hkewi^ 
of importance in the food Industries rather than m the home. 1 his 
was to an increasing extent controlled by law to prevent use of 
harmfijl substances: in Britain the first Food and Drugs Act was 
passed in 1875. Similar legislation in the United States followed an 
outcry against the issue of military^ meat rations embalmed with 
formalin during the Spanish War of 189S- 
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EPILOGUE: TECHNOLOGICAL AND GENERAL 

HISTORY 

A SHORT HISTORY c&xi achicvc ckrity only at the risk of dog- 
madsm. The present work^ in seeking to hy before the reader 
the salient features in the dtrvelopment of many wdcly differ¬ 
ing technologies over a vast period of time and without restriction to 
a single country or people, has had no space in which to express 
doubts or reservations^ much less to attempt any systematic iustihea-^ 
tion of the choice made of themes and examples. Yet the danger of 
dogmatizing and stating conclusions is greatest in a branch of history 
which^ except as a subject of discrete and episodic studies^ is almost 
wholly new'. In hts treatment of politics, constitutions, economic 
factors, and even social and cultural changes the historian nowadays 
either follows a beaten path or deviates knowingly, and shapes his 
argument to fit. The historian of technology, on the other hand, while 
his w'Ork impinges upon all these older t>'pcs of histoiy'—and, as he 
hopes, contributes something to each of them—is himself still at the 
pioneering stage, when the most important thing is to open up the 
subject. 

It is, indeed, part of the fascination of this study that, in its earlier 
and later phases alike, it contains so many puzzler. Technology is 
rooted, as we have seen, in the Palaeolithic stage, the hundreds of 
unrecorded millennia during w hich occurred man's evolution of his 
first tools, the kcy-cvent of all and one about which much would he 
w-ritten—if we could tell how the process of finding out began. 
After something like half a million years there came the dimly seen 
phenomenon that we identify as the Neolithic revolution and the 
beginnings of the loom, the sail, the wheel, the kiln, and other fiinda- 
mental inventions, w'hich in turn converted Neolithic barbarism 
into the earliest civilization. The w here, the when, and the how of 
all this is still largely matter for conjecture. Lest it might be supposed 
that such uncertainties belong only to the period before wTJtten 
records began, we may instance the first two artificial prime-movers, 
namely the water-mill and the windmill, the art of glass-blowing, and 
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the introduction of the three-field systcnij which transformed the 
productivity of medicTp-al agriculture in the north, as examples of 
tecKnoIog^lcal innovations which first affected Europe in historic 
times, but whose origins nevertheless arc not satisfactorily ac^unted 
for by the evidence available. The same is true of the great majority of 
the inventions and discoveries, often of exceptional importance, mth 
which China enriched the world during the first miUenium and a half 

of the Christian era. . . 

Not only the events themselves but the pattern of causation is often 
hidden from view* "^rhus we cannot at present determine whether the 
great discoveries and inventions of the early world were each made 
once and then slowly and intermittently diffused through migration 
and trade, or wxre made independently in different cultural re^ons 
when circumstances were equally favourable. Even in modern times 
the speed wnth which an invention is accepted for general use is 
subject to many not easily calculable hindrances. Such are the pull 
of conservatism and convention, especially where consumer interests 
are directly involved, and the handicap imposed on any societ)^ 
where capital is not available for innovation an important reason 
why the Russian inventors of the later nineteenth century played 
little part in general technological progress. A second 
of obstruction is the misleading precedent, such as caused the n^t 
iron ships to be built in accordance with restrictions imposed by the 
use of timber and some early aeroplanes to be desired as orm-» 
thopters. The fhistration of many excellent inventions is also seen to 
occur through lack of constructional material or of interwt in Ae 
product—or of both, as In the case of Thomson*s pneumatic rubber 
t>Tc, patented more than forty years before Dunlop’s. Simdar fac¬ 
tors, which have left no trace, must often have affected the lortunes 

of inventions made in early times. ^ ■ u* u 

Apart from the hlstoiy' of particular inventions, there is snll much 
uncertainty as to the influence which different forms of socie^ have 
exerted both upon the transmission of established technolc^es and 
upon the creation of new^ ones. As regards the ancient world, there 
is virtuallv no information extant to show, for instance, how super 
visors or foremen obtained the technical knowledge for i^gai^ing 
the large-scale enterprises that were commonly manned by slaves; 
the fact that classical literature expresses little but contempt for the 
study of industrial processes heightens the mystery. Apprentic^ ip, 
as an or^nized extension of the natural practice b) which e a cr 
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taught the son his trade, may be traced back as far as the Code of 
Hammurabi, but in Europe at least its fullest development dates 
from the establishment of the medieval craft guilds. When combined 
Tvith the right of search, by which guild olftcials were entitled to en¬ 
sure that all goods were made 'according to the laws, orders and 
ordinances of the tiade^^—a power still being granted by the English 
Parliament in 1650, and later—^thc fact that every skilled craftsman 
had normally served his time e^lains how skills and processes were 
succKsfully transmitted from generation to generarion. The s^-stem 
did little or nothmg, however, to help inventiveness i the guilds, being 
founded on the social solidaritj^ of all master craftsmen, were quick 
to denounce the (ner-ingenious for 'unfair' competition; and, if 
ingenuity could not be entirely suppressed, they sought to restrict 
the use of any new process within narrow limits of place and occu¬ 
pation. In the Middle Ages the inventor often worked furtively, like 
the alchemist; many trade secrets were handed dowm inside the 
family; and those inventions which by their nature must be practised 
o^nly, such as the use of the ftilling-miH, flourished first at a safe 
distance from the guildhalL 

In the modern w'orld both the making of inventions and their 
diffusion have been stimulated by the growih of patent law, which 
secures a temporary profit to the inventor and the ultimate avail¬ 
ability of his invention to the public. But the system became fuUv 
effective only towards the end of the nineteenth century. Moreover, 
the stimulus given to invention cannot be judged merely by the date 
of effective patent legislation in the different countries: there arc also 
differences of principle, French law^ favoured the inventor by not 
r^uiring him to define the limits of his claims; American required 
mm to define them very broadly; British w^ith more precision; and 
(^rman law so precisely as to subordinate the inventor’s interest to 
those of industr>\ Modeim patents are usually taken out m several 
countries and their validity is not infrequently tested in the courts; 
the influence of patents upon the progress of invention, though 
obviously important, could therefore only be properly assessed in 
the light of a sufficient number and variety of international-business 
histones, and these are still largely unwritten. 

The cjtamination of applications for patents was among the first 
duties entrusted to the Royal Sodet}^ in 1662, a clear example of the 
growing relatioi^hip between scientists and technologists that is 
charactcnsDc of modem society. The growth, however, is by no 
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means easy to trace. To begin with, the scientist sought the aid of 
the skilled crafts to provide the equipment with which to pursue 
the study of natural phenomena. The learned societies, which were 
an early product of the scientific movement, also exercised some 
direct iniluence upon technology by organizing the systematic col¬ 
lection and publication of data to illustrate existing conditions in its 
various branches as well as ^exact histories’—to quote a Royal Society 
statement of its intentions in 1718—‘of all sorts of curious and bene¬ 
ficial trades in any country’. In this field, however, the early wort of 
the Royal Society in England was outshone by the programme that 
the French Academy of Sciences entrusted in 1711 to R6aunnur, and 
still more by the unofficial labours of Diderot, w ho provided a rival 
to their Deimptiom of thi Am and Qrafti in his more liberally con¬ 
ceived Emydopaedia. The period of the eighteenth century in w hich 
the processes of industiy were being made known in this way to the 
educated classes is that in which they were also becoming increasingly 
complex, so that the uneducated more and more rarely had the com¬ 
prehensive grasp of their craft essential to progress. Black and 
Lavoisier are early examples of scientists who showed the basis in 
theory' of industrial inventions that had been arrived at empirically; 
with Davy and Faraday the balance begins very gradually to tip the 
other way, towards the scientific advance which precedes and con¬ 
ditions the advances of technology^ 

But if w’c try to ascertain the stage in its history' when technology 
became in general the dependant of applied science, the answer h 
still obscure, even with the nineteenth century'’s comparative pleni¬ 
tude of records, and varies widely from industry to industry' and 
country to country'. In Britain, for example, where the first industrial 
research laboratory' w'as established about 1S73, science did not 
triumph until the greatest age of industrial advance was past. In 
Germany, on the other hand, the most spectacular achievements of 
her chemical and electrical manufactures were squarely based on 
the research departments of the universities and the training of 
scientifically minded technicians in a carefully planned netw'ork of 
technical institutes and trade schools. As for America, her rise as an 
industrial pow'cr belongs to both the old and the new. The Massa¬ 
chusetts Institute of Technology opened its doors in the year that 
the Civil War ended; the funds for the land-grant colleges, pledged 
to promote ‘agricnlture and the mechanic arts’, w'Crc authorized in 
i86z. But ten years later, when Andrew' Carnegie admitted the first 
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professional chemist —learned German^—^to hiS Pittsburgh steel¬ 
works, the action, as he tells us with reUsh in his autobiographv, was 
‘something our competitors pronounced extniragant*. 

On the morrow of the Great Eidiibidon of 1851, Lyon PlayEiir 
had declared that ‘Industry must in future be supported nor by a 
competition of local advantages^ but by a competition of intellects'. 
It is a commonplace of technological history to suggest that Britain 
in the following half-century fell behind in the newer competition 
because her men of inteUect w ere not suitably trained. That too 
little attention was paid to science at Oxford and even at Cambridge, 
that Britain possessed nothing comparable to the technical colleges 
of Germany and France, and that the once-flourishing Mechanics^ 
Institutes failed to strike deep roots because of the paucity of ele¬ 
mentary education, are among the established facts of nineteenth- 
century cultural history. What is less clear is the cittent to which 
educational shortcomings, which Britain in the 1870's began slowly 
to repair, actually influenced later events. There w^re other reasons 
for the successful rivalry of Germany besides her technical institutes, 
which had their origin at least in the need to find a substitute for the 
workshop training more readily available in Britain and to meet the 
challenge offered by the often zealously guarded trade secrets of the 
older industrial pow’Cr. There w^ere also other reasons for the British 
lack of continued success w'hich were an inescapable legacy from her 
past: the huge capital locked up in obsolescent plants the high pro¬ 
portion of old family businesses, where the pioneering spirit had 
often flagged with the passage of the generations; and the extra cost 
and intractability of labour in the country where trade unions had 
had mi^t time and opportunity to grow up. By igoo the decline of 
Britain s former ‘local advantages’ was clearly accompanied by a 
dedinc in the comparative rate of adoption of new techniques that 
has had fateful consequences from the standpoint of general histor)% 
The causes, however, must be pronounced at present to be uncertain. 

The conclusions to be drawn from a study of technological historTf' 
must, then, be regarded for the time being as purely provisional; 
nevertheless, it can be seen to have at least a threefold bearing upon 
general history. The fortunes of mankind have been closely affected by 
the ^owih of technology; the same influence has helped toshape the 
relations of nations and classes; and in the life of the individual, tech¬ 
nology plays an alternate role as serv^ant or master of man's activities. 

As soon as mankind ceased to be a numerically insignificant species 
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of food-gatherers and predators, technological factors began to exer¬ 
cise a determining Influence upon his distribution over the caith^s 
surface. It was as a farmer that civilized man emergeJi for instance^ 
in the Fertile Crescent;, whence spread a culture and techniques that 
slowly, but none the less sutc 13% influenced the western lands and 
made them the home of a mimcrous and settled population. The 
techniques of transportation were, of course, the second determinant 
of man*s fortunes in that distant past; for even in the nineteenth 
century' a.d. the prairie-schooner and the ox-wagon were the means 
of opentng-up almost uninhabited regions, and still more recently 
the passage of the Pacific on a balsa-wcod raft has reminded us of 
the primitive forms of water transport that carried men across un¬ 
explored oceans. But in prehistoric as in modern times transport, 
trade, and industry reacted upon each other: the existence of amber, 
fur example, created as if by magic the facilities for a long-distance 
barter traffic, w'hich carried it from the grey shores of the Baltic to 
glow in the sunshine of Aegean palaces. With the growth of trans¬ 
portation, sertlcment became more specialized; in place of a uni¬ 
formly agricultural society, spread by the movement of peoples or 
techniques, there came to be some regions which exported a food 
surplus, others which exported raw materials from forest, quarry, 
or mine, and others again which exported their manufactures. The 
terms of trade have nearly always favoured the third catcgoiy^ a 
fact which has been a constant stimulus to the multiplication and 
improvement of industrial techniques, enabling those regions where 
they are most efficiently practised to hold in fee the producers of 
food and raw' materials. From the daj'S of the Pharaohs onwards all 
empires have borne something of this character, though it was the 
development of the railway and the steam-ship in the nineteenth 
century^ a,d, that brought these tendencies to a climax. 

In the nineteenth century, too, technology made large areas of the 
earth's surface not merely more accessible than ever before but for 
the first time capable of supporting a considerable population. New 
devices for preserving food and maintaining warmth enabled civilized 
man to take his first tentative steps even towards the occupation of 
the Polar wastes. Of more immediate importance, the adaptation and 
transplantation of crops, the discovery of new mineral resources, and 
the beginning of the conquest of tropical diseases enabled much of 
the tropical, as well as hitherto backward regions in the temperate, 
zones to become fully a part of the general heritage of mankind. 
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WTicji we study the fortunes, not of mankind as a whole but of 
paidcular groups of men, wc find that the history of technology' sheds 
much light upon the unending struggle for power which grew from 
intertribal into international politics. The Stone Age, the Bronze Age^ 
and the Iron Age each produced its disdnedve w'eapons, and from 
the time when the hrst *civiL engineer’' designed the hist earthwork 
for protccrion against human as well as animal maraudersj every' 
generation has left the earth’s surface scarred with the evidence of 
power gained but not retained. Technology' has always determined 
w'hat are the effeedve geographical barriers to conquest: the desert 
before the domes ncadon. of the camel, the steppes before men tamed 
the horse, the seas until sails were hoisted, and the oceans—with few 
exceptions—down to the days of compass and carrack. As for the 
part tcchnolog)' plays in the service of the conqueror, offensive and 
defensive weapons are often said to have gained the upper hand in 
alternate ages, though a better explana don may lie in the circumstance 
that technological success in general encourages concentration upon 
defence in those w'ho have, and a passion for the offensive in chose 
who have not. Be that as it may, almost every' new' material of man’s 
devising, from the bronze of his earliest swords to the alloy-stceU of 
Knipp’s guns and the new explosives for w'hich they were designed, 
and every new source of power, from the bow-string to the turbine- 
engine, has been adapted—sooner rather than later, but with very 
\'arymg degrees of imagination and insight—to purposes of war. 

Two and a half millennia separate the milltar}' triumphs of the 
Assy'rtans, first users of iron, from those of the Federal forces in the 
American Gvil War* During that long period technical efficiency', as 
well as various imponderable qualities, was generally on the side of 
the conqueror. But it was left for the Sw'cdish inventor, John Erics¬ 
son, on the morrow' of McQellan’s failure Co wTcst Richmond from 
the Confederacy, to give Lincoln the assurance, which history' has 
since endorsed, that technology had become the final arbiter in the 
quarrels of the nadons. His words deserve quotadon t 

The time has come, Mr* President, when our cause will have to be 
sustained not by numbers, but by superior w'eapons.. . . Such is the in¬ 
feriority of the Southern States in a mechanical point of view, that it is 
susceptible of demonsiratioR that, if you apply our mechanical resources 
to the fullest extent you can destroy the enemy without enlisting anoihcr 
man* 


Before the end of the century' the reladvely bloodless conquest of 
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Africa by the imperiilkt powers and such forgotten episodes as the 
naval encounters of the Spanish-American War had earned the argu¬ 
ment to its logical conclusion: technical superiority could make 
military success not only certain but cheap. 

In many different ages technological Doveldes have helped to con¬ 
solidate the results of conquest. The stone road by which the Roman 
legion marched across Britain to crush Boadicca has its counterpart in 
the 4 jOOO miles of newly laid telegraph that facilitated the organiza¬ 
tion of resistance in the first desperate weeks of the Indian Mutiny 
in 1857. Trade has always followed the flag, using easily produced 
wares^ from Minoan potter}' and Greek wine to Manchester calico 
and cheap *trade-guns\ to reconcile at least an influential element 
among the conquered. In course of time this might lead, as did the 
toga and the forum, which Agricola encouraged in Britain, to a more 
general adoption of the w'ay of life of the conqueror. But modem 
technology in this respect has decisive advantages. Whereas the 
ancient empires might hope to overawe conquered peoples by the 
magnitude of their constructional works, it was printing that first 
made mass propaganda possible. For at least 400 years control of the 
presses w'as one of the most powerful instruments in the hands of 
authority, moulding the fate of nations, and W'hen direct censorship 
and even overt influence, such as was practised by Bismarck, be¬ 
came outmoded, the cinematograph film, and then the wireless broad¬ 
cast, were to make available a more seductive and insidious means 
than the book or even the newspaper for controlling the minds of 
the masses. 

What has just been said is clearly applicable, not only in the inter¬ 
national field, bu r to the struggle of classes—social units that tech¬ 
nology helped to form. The legends of Hephaestus, and even, of 
Prometheus the forcthinker, attest the veneration with which the 
Greeks from the time of Homer onwards regarded the craft of the 
smithy and more generally the "cunning workman* whose labours 
gave an aesthetic v'alue to his material, whether a precious metal or 
merely ‘a tree that will not rot* (Isaiah xh 20), had a special place in 
early society. In spite of the long-condnued employment of slaves— 
involving a further stratification, from the hapless labour-gangs 
living in the underground barracks of a Roman magnate to the kind 
of slave that might be entrusted with the management of a large 
workshop or household and perhaps in due course be emancipated— 
it is possible to trace from ancient to modem times the continuous 
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existence in the main centres of urban life of a class to which skill in 
a. craft gave definite privileges* It is true that» whenever economic 
opportunities expandedj there was a tendency for some tj-pc of 
capitalist entrepreneur to be interposed between the craftsman 
and his customer^ especially if the customer was distant. But the gap 
between the entrepreneur or merchant and the skilled maker of the 
goods was matched by the gap between the latter and the mass of 
unskilled labourers^ so easily forgotten^ w hose work underlay and 
supported the execution of almost every important industrial pro¬ 
cess. Down to the last two centuries^ technological progress tended 
to preser%'e, and often to strengthen, the posidou of the artisan class, 
which normally enjoyed a relatively secure livelihood at something 
above subsistence level An important bte example arc the^engineers^ 
the far more numerous successors to the millwrights, w^ho In the 
year of the Great Exhibition felt strong enough to launch their 
Amalgamated Society, restricted to fully trained workmen able to 
pay a substantial weekly subscription. 

But the industrial revolution was by that time rapidly changing 
the stratificadon of the employed classes, both in Britain and else¬ 
where. The exploitation of elaborate and eiqjcnsive new processes In 
almost every Industry has favoured the formation of big units, with 
a huge resulting increase in the employment of managers, dedcal 
staff, supervisors, and foremen* It also necessitated the growth of 
new professional categories—theorcdcally-trained engineers, chem¬ 
ists, draughtsmen, accountants, statisticians, and other highly 
qualified personnel Thus the big modem factory or w'orksbop inter¬ 
posed a very considerable new middle-class element between the 
owners of the capital and the men who actually produced the goods* 
But simultaneously what was once a much larger category, made up of 
skilled workers who had ‘seni'ed their time to the trade\ was steadily 
dcchning in relative importance* Not only were traditional handi¬ 
crafts rcpbced by machine industries, but the increasing ingenuity 
of machines transformed machine-users into machine-minders. By 
1900 apprenticeship had lost most of its industrial and social sig¬ 
nificance; the growing power of trade unions of semi-skilled and 
unskilled workers In the counsels of the Labour movement attested 
the decline of the artisan class, a victim of technological progress. 

But at the cioac of the nineteenth centuiy it was not only the artisan 
class which was threatened with ultimate extinction by the advance 
of the machine. Mass production, from its small beginnings in the 
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days of Eli Whitney, had reached the stage at which the use of an 
assembly-line and convej’or-belt, with each worker performing a 
single operation, could readily be contemplated. The first modern 
mass-assembly plant, employing these de\’ices, was designed for 
the Chicago mail-order firm of Sears, Roebuck in 1903, and this is 
said to have been carefully studied by Hcnr>' Ford before he intro¬ 
duced the sj'stem into the manufacture of his model-T motor-car 
a few years later. In any case, Ford’s action heralded a new era, in 
which mass production and the mass appeal of new advertising tech¬ 
niques and hire-purchase facilities combined to sell standardized 
luxuries far beyond the limits of the luxurj’-proud middle class of 
the past. Today the clothing, transport, and amusement industries 
have gone far tow’ards the creation of a classless society, a condition 
not necessarily favourable in the long run to the cultural advance¬ 
ment of mankind. 

From the point of >'icw of the individual—to whom we now turn 
in conclusion—the progress made in the first century and a half of 
the industrial revolution was prodigious. For technolog)' exists to 
produce goods and services, and the western world had marvellously 
increased its productivity, measured in terms of human labour. The 
astonishing beauty and skilfulness of the objets art surviving from 
the earlier civilizations for our admiration, the greatness of their 
architectural monuments, and their achievements in the realm of 
ideas must not be allow'cd to obscure the fact that, in all the centuries 
before Malthus wrote in 1798, population did tend to press against 
the means of subsistence. This was not primarily due to man’s 
fertility but to his inability to solve the problems of production and 
distribution. The normal lot of the labourer or poorer t)’pc of peasant 
cultivator, who in most forms of society made up the unprivileged 
majority, had been to work through all the daylight hours, eat 
meagrely, go poorly clothed and ill-housed, and to die young. It is 
therefore a fact of the utmost importance that by 1900, broadly 
speaking, the uaskilled labourer in all the western countries was 
earning more and had a shorter working-day than the privileged class 
of skilled workers before the industrial revolution. 

If technological progress may be defined as any increase in the 
efficiency with which man exploits his phy'sical environment to meet 
his wants, then clearly the historian of technology must view the 
events of the nineteenth century as marking a tremendous advance. 
Productivity had increased more rapidly than a rapidly increasing 
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population; machinery had already gone some way towards reducing 
the ph}'sical exhaustion as well as the duration of the average stint of 
labour; and there was as yet little fear that man’s ingenuity might 
culminate in self-destruction. But to the more searching question, 
whether technological progress has on balance added to the happiness 
of the individual, we can at best offer no more than an affirmative 
answer hedged with qualifications, rejecting the temptation to pre¬ 
tend to weigh imponderables. 

From this standpoint, the greatest indisputable benefits of modem 
technology are perhaps those conferred by branches which the 
present Short History has lacked space to emphasize as they deserve, 
namely, the rc\'olutionary changes in the practice of medicine and 
surgery*. Technological progress furthered the use of anaesthetics 
and new drugs, the growth of bacteriolog>% and the effectiveness of 
surgical operations undertaken not only M ith a vast range of new 
instruments and equipment but with wholly new precautions against 
infection, which has always been one of the deadliest scourges of 
mankind in both peace and \^*ar. We may link with this the improve¬ 
ments to the water-supply and drainage of large towns, which like¬ 
wise much reduced the incidence of disease. In two generations 
(i84i~i90i) the annual death-rate in London fell from 25 to 20 per 
thousand; it never reached 20 again except in the year of the great 
influenza epidemic at the end of the First World War. 

Health and happiness arc closely related, and it would be difficult 
to deny that a more generous and more varied diet, better protec¬ 
tion a^inst cold and damp indoors and out, a higher standard of 
cleanliness, and other changes in living conditions that have been 
facilitated by modem tcchnolo^*, arc directly conducive to happiness 
as well as to health. Moreover, invention has widened immeasurably 
the use that can be made of leisure: how would Bacon, who believed 
that reading maketh a full man*, have regarded the potential bene¬ 
fits of that ninctccnth-centuiy* revolution in illuminants which 
brought efficient artificial light for the long winter O'cnings into the 
homes of the masses 

But there is another side to the picture. The shorter working-day 
pined by the modem machine-operator \^*as on the whole physically 
essci^ustingtlun ^tof the craftsman, but it mightalso be psycho¬ 
logically less satisfying. The labours of a factory-hand—the term 
IS significant—arc very* seldom in any sense creative: they arc usually 
repetitive and monotonous; they may involve more strain than the 
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repetitive monotony of craft-work* with its natural slow rhythm; and 
as for giving scope to individual initiative of any kind* the whole 
aim of the mass-production economy is to reduce aedve human 
intervention to a minimum* It is not surprising if the worker in 
such conditions may lack the sense of ‘belonging’ and of partici¬ 
pation in a worth-w hile cycle of activity* w hich gave a kind of satis¬ 
faction to the humblest of field-labourers, and* because he feels 
himself during his employment to be no more than a cog in a vast 
machine* becomes robot-like also in the use of his rapidly increasing 
leisure* Additional leisure, including the leisure of the prematurely 
pensioned, may be associated with the growth of frustration rather 
than of happiness. 

Finally* we must notice that by igoo the most advanced societies 
w^ere beginning to register a change in the aims, as distinct from the 
methods* of technology. For man was no longer pitting his wits 
against Nature merely for the easier satisfaction of long'-fclt wants* 
That struggle, indeed* had carried him far, as Sophocles well knew; 

The gsc of language* rhe wind-swift motion of brain 
He learnt; found out the laws of living mother 
In cities, building him sheUcr against the rain 
And wjntiy weather** 

But with the entry" upon a new period* in which necessity ceases to 
be the mother of invention and the inventor* as Ludwig Mond^ fore¬ 
saw in 1^89, *may even create new w'ants . »* a distinct step in the 
development of human culture', the progress which the historian of 
technology records requires more than ever to be evaluated in rela 
tion to the general history of civilization. 

» AnR£«iu 13 . 354-9 CE, F. WarlinS i trawlatwn). 
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These Tables arc designed for use in conjunction with the text of 
the book. They show the time-relations of selected e>’ents in tech¬ 
nological history both to each other and to named O’ents in general 
histoiy'. In the earlier Tables the dating is often only approximate; 
in the last three, where exact information is usually avaibble, the 
date and pbee attributed to a process arc—unless otherwise stated— 
those of its first invention. 

I. Prehistorj’ of Europe north of the Alps 

II. The ancient civilizations of the Near East, Greece, and the 
Roman Republic 

III. Europe from the reign of Augustus to the First Crusade 
rV. Europe in the later Middle Ages 

V. Europe in early modem times (1450-1750) 

VI. The Industrial Rcv'olution, 1750-1800 

VII. „ „ „ 1800-1850 

VIII. „ „ „ 1850-1900 


L PREHISTORY OF EUROPE 


B.C 

Stact o« Pwioo 

EVtNTS 


PALAEOLITHIC 

Itiurnuctent periods of catupdrAtiii-e fnnnth^ enabling 
precursors of man and man himself in very small num¬ 
bers to move into Europe Irnm tfac south and fouill- 
cast. 

MOOO 

UPPER OR LATE 
PALAEOLITHIC 

RcoiatoTScxiidiaavUn and Alpine ice-sheets, uncovering 
Urge arcaa of cold giuss^Und and swamps where nun 
noumhed as a hunter. 

C. 9PQD 

MESOLITHIC 

Further retreat of ke^^heeti, mdi dunges in sc»-lcvel, in. 
average [cmpezaturc> and in ninfahj resuhiug in ihc 
spread of thick forest and restiictian of man's habitat 
to sborea, hilltops, and foicsi edgt3> white he for the first 
diDC colonixed the amk north: in some respecn 
pictorial art) t period of rttrogrtsskm and impoveriih- 
mCQL 

r, jioo 

NEOLITHIC 

Spread of Ktock-keeping and agriculture overland &om 
southeast; sea-borne moTcmcnt north fmm Mediter¬ 
ranean associated with megalithk smtemres; opcmn|-up 
of commimicatiofis bj- traders characterized by superior 
pottery. 

c. 

BRONZE 

The use of copper, fnlknrEd by that of brontsc, introduced 
frtwn east Mcditcrraneaii lands by sew tradm in search 
of metal ores or forest products; overUnd trade also 
important between the middle DanubUn and the Baltic 
region. 

r. iwo 

EARLY IRON 

Knawledgc of iron-working brou^t Groni Greece via 
Italy to the HaJlstatt area of Austria^ and spread particu' 
lirly by the Cdts^ pressing sonthward in a perinl of 
worsened elimate, and by the Iranian (Scythian) in¬ 
vaders of sQiitb'-ca&tem Europe, 








NORTH OF THE ALPS 


\ 


OuiucTOUsnc EajNOMic Acnvrms 
(existing siit hj tiie risk the more primitive) 


Chakactixotic Tools o« Wlapons 
(tJoriy superseding the more primitrve) 


Food-gatberinf, with some use of Are but no 
settled Abodes; some pnetke of hunting 
by CATO-dwellen. 


I lundng of nummoth, bison, wild horse, deer, 
etc.; prepuration of skins for clothing; cook¬ 
ing; inhabitatioa of caves, often embel¬ 
lished with hunting scenes, and of more 
temporary tented dwellings. 

Food-gathering, small-scale hunting (prob¬ 
ably helped by domestication of the dog), 
and increased reliance on fishing, including 
sea-fishing firom boats. 


Stock-keeping and culrivation of wheat and 
barley; wood-working; making of baskets, 
simple textiles, and pottery. Flint-mining 
and growth of trade; common use of sledges 
and, in far north, skis; villages of mainly 
rectangular hut dwellings; some reduction 
of forest area by burning and felling of trees. 

Spread of west Asiatic types of sheep and 
cattle; use of woollen textiles; construction 
of clinker-built boats. Trade in manufac¬ 
tured metal goods, ceramics, amber; grow¬ 
ing importance of luxury goods. 

Increase of arable area, with oats and rye in 
north; timber frame-houses and earthworks 
constructed with timber and stone; larger 
plank-boats, some carvel-built; horse-rid¬ 
ing (with horse-shoes) and use of wheeled 
vehides became common, culminating in 
the Celtic war-charioL 


Flaked hand-axes and ocher implements of flint 
and stone, supplementing those of wood, 
horn, ivory, or bone; wooden spears; heavy 
stone mwtiles, 

ImproAxd flint knife-blades, awb, and gravers; 
barbs, bone needles, harpoons; composite 
tooh; flint-tipped javelins and bone spear- 
throwers; bows and arrows. 

MkroHths, used in composite tools of wood 
or bone; elaboration of fishing-tackle (net, 
hook and tine, fish-spear, trap); stone adzes 
and chisels. 


Ground, poltsbed, and occasionally drilled 
implemrats of flint and ocher hard stone, 
the design sometimes influenced by metal 
prototypes; hoes and skkks; spindles and 
looms; flint daggers; the whed used for 
transport. 

Small ploughs (nmei); hammered axes, etc., of 
copper and bronxe; superior implements of 
cast bronze; smiths’ and carpenters’ tools; 
copper and bronze spears; bronze sword 
evolved from dagger. 

Large pbughs with share, etc., of iron; 
scythes; improved saws, chiscb, and files 
for carpentry; wood-turning; die potter’s 
wheel in common use; the first strong 
swords. 
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11. THE ANCIENT CIVILIZATIONS OF THE NEAR 


B.C 

MESdtMTAMIA (and PeK5IA) 

Egypt 

Pale^ine, Syria, and 
Asia Minor 

3500 

Suincnxn dty stares in exis¬ 
tence; ODpficr usEd iiul 
sUofcd 

First cvidcDfr of vhcclcd 
Tchick 

Flisi records (cundienn) 

Copper tools m use 

1^'alled [nWii at Jericho 





3000 

Pottery mode qn the wheel 

Beginning otTbicroglypliks 


2750 


365-iiiy alcodar 




Zour: FimfSnrp} 

Pyimioid 


3 jOO 

RojaJ tombs oT Ur 

CfMfs: Great 

Setting sailing ships 


2250 

Strgm I^Akk^hn Em-- 
pirt {Semiiu langaagt) 

Oldest fursiving inigatjou 
dam 

Middle Kimgdtm 



ZipEWAti 

Bronze came into use 

ffittjiff iirod^ Asii Minor 



Hofscilrawni chariots 

Hittitccipitsd « Hamtthiish 
(Bogazkoy) with first 
known Processional Way 
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EAST, GREECE, AND THE ROMAN REPUBLIC 


EaSHKN NlEDmjlt(A>vCAN 

Western Mediteuunean 

Central and Northekn 
Eoftore 

palaces built tt 
Knosos and Fhaestos 


Enmst 
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11. THE ANCIENT CIVILIZATIONS OF THE NEAR E,^, GREECE, .AND THE 
ROMAN REPUBLIC (resf.) 





PAIXVt 1.NE, SYKIAf AND 

B.Q 

McstiraTA.<iiU.^ (A^al Peuia) 

Egypt 

Aiu MtNtNl 

I 7 S« 

a&mmsiFsin — B^yhnii^n 




{Ammiu) Empire 

Hykictkingf 

The Nrm Empire 



Kiwie ruie hegint 


1500 

fin$ nM itfAstyriam 

Shadow^kidc 

G«ai HaU of Kamak 
Egy^ian empireai iisztJttth 

CetneatatiDii steel nude bj 
Qulj'bes 


Tutankhamen 

Glass vessels in cominon 







use 

,Alphabet used at Ugarit 

[ 3^0 



Riie 0/ Phoenician kvigJoms 
Cotlapte of HittUe ^E><r 
Siege of Ttay 




RAgns of David and Sohmait^ 

Ta» 

AtiyrtiK revival 


Hiramf king of Tyre 


Iron equipment 


Iit>n plinighsluTe 

7 JO 

Sargnji IJ—Auyrida Em¬ 
pire 


Ten frijlw of Itratl deported 



ky the Atsyriau 


Scnnichenb^ 5 tone canal 




And aqueduct 

Egypt under Aiiyriatt rule 

Deciiae of Phoenirian poteer 
Coimge introduced (Lydia) 




LyStra donanant in Asia 


Niweveh iesttajed hy Meda 
aaJ Ckaldeam 
NetuflmJHrzzMr: 


Minor 


BaAytaman {CkaUfan) 
Empire 




Euphrtttics brid^ arui 




tar sate, Eabylun 


586 captivity of 


53,8 Baiylon inebtded m 
Periiatt Empire by Qyrut 

PertiaH eonguea 

fewt 

Peruom esmpiert 
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Ea^tcan Meditebaanean 

WeSTEKN MEOmilRANEAN 

ClN-TKAL AND NORTHCJtN 

Eubope 

fit its ztriih 


Stoneben^ erected 

Lii'icar writing of Greek 
k’wtui destruytd {icc. lo 
Eww) 



MyxxfKin (xibcA 

Ac/wam in Grtete 



Doriaat in 

EtmicMt in Itfily 

Ctrtkngt foandid 

Iron induEtr; in Austria (Hail- 

5 CMt) 

Crfft cohnifij expaasifin 



SilificT mined at Ijurion 

Rtpi^U cxtfiklithtd fit Ronu 
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II. THE ANCIENT CtVEUZATlONS OF THE NEAR EAST, GREECE, AND THE 
ROMAN REPUBLIC 


B.C 

Mesopotawa (Area Peksia) 

ECTfPT 

Paleshst, Syuja, anp 
Asia ML'sm 

SW 

Diiftus’A tnscripikin it 
Bchistun 




AUxsmirr dfjtroji Pmunt 
Empirt 

Coa^Mti hy AUasder 




Red Sea caiui renew^ed by 
Ptolemy Philadelphus 
QtuH Agt of Alexandria 
Lighdiousc at Alexandria 
(Pharos) 

Colossus of RJkodcs 

250 

Ritt cftki Parlhianj 

Eratosthenes^ world map 

Pardtmexu made at Pcrsi- 
mum 


Victory c/ Partkiant aver 
Ronmiii (CnrAa^) 

Egypt d Raman pFoi^c; 
deaths of Mark Antony 
ami Cleopatra 

Glass-blowing began in 
Syria 
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CCNTKAt AND NCWTHEaN 

EASrOtN MmiTCRIUN'tAM 

Wl 5TZJLN MEIHTmtAMjlN 

Europe 

AQueduct of Samos 

Fine Atliciiuui pottery 

Lathe in CDmnion use for 



mood-turning 

Cr»ii defeat Ftr^m 
Zlippodamui laid out Fizacus 
Parthenon oom^cted 

D<a$k of PericUf 

405-367 Di&nyiius^ ruter of 

CfUk oxpanHon in nvjffnj anJ 


SyroatK 

rentral Earape 

Iron Age in frirdifl 

33fi“323 jlifztitdtTy /wf of 
MaceJoH 
if 

RonUnt supreme in liolj 
Death of Arehimfdet 

Caulan furnace in Spain 


Jtonatu destroj Corinth 

Renions Jettroj Cortkoge 



Julian Gklendar 

Astgsistus oaahUshti Empire 

CoftsPa tfCotA 







IIL EUROPE FROM THE REIGN OF 


A.D. 

*4 


lOO 


Ti-ffi East 


MO 


300 


400 


SassMtian Ptrsiam rmfir^ 


EaSTEKM MiDtITIUtANEAX 

Constantinople 


Heron's Mtchanui 


Fbojemf^s AlmageU AOid 
Gevgnfhy 


Sao 


Hmu aJvaiut into mfiUm 
Ei^Cft 


Avan mtEiodiice mecil Slil^ 
mps 


330 CoHttantatoptt 


&dlA afSt.Jet^au 


1 tju,v tT*TTn Spain ano 
Portugal) 


517-65 Jiaihmm 
PrcKlkKtiao of raw sUk at¬ 
tempted 
St. Sophia built 


Use of brass 
Dfatk of Auputm 
Dramagc of Lake Fududs 
Great Fire of Rome 
69-79 Vetpemaa 
Com jpound by water-miUs 
Pomptii iettrojei 
Damitisn 

Pantheon built 
138-91 Anianiitt emfertrf 
(/’k'Uf AJaroa 
Commodus} 

Baths of Cmcalla 

Uae of shafts for wsi^ons 


384-305 Diaeietutn reorgan- 
tcri mfire 

Lai^ VitruTUO water-nulls 
311-37 Catutanliit* 


Odoaeer ends Raman 
14 Wat 

493-516 Rate of iTuoiorie 
tit Italy 

Renediffine OrderftnnJed 


Siege of Rome hj the Ostfo- 
geths; Byzantine rvU 
etta^iisited in Itaiy 
Mausoleum of TheododO] 
Raveima 

Lombards enter Italy 
Emcrgatee of yewiee 
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AUGUSTUS TO THE FIRST CRUSADE 


CENtttAL A.*® NQftT»U>t 
Europe 


EkA.VZ ANt> THE 
COIUNTWIS 


BkiTATS/ENCLAND 


Ramfin fon^st 


Trsjvt fixtendi tmpirt north tf 
to»eF Damtht 


Hadriui'E Will 


458-Sf ChiUerit^ hutg tf 
(Saiiarti Fre-nki 


AffTffwnywJi rule iir Fftiue 


Ctrtterdan tfEmiUnd hegim 

m 









IIL EUROPE FROM THE REIGN OF AUGUSTUS TO THE FIRST CRUSADE 


A.D. 

The E. 15 T 

Easiexn Medituutaneas 

A\D CONOTAVTIVOPLE 

Italy (with Spun and 
PORTVOSL) 

6(» 

W^nAinnt ia Persia 

6jj Sv/iV ishrm 

Bi7fLinr and Avert hetiegt 
Caiutanligofle 
‘Greek Gre' 


700 

Aidicmkal worls of Jaber 

Chinese pipcr-ntalcrs cap- 
furod ai S&uuriartd 


AfaPrifh cenqurtt of Spain 
CAarlet AlarUl't titiofy ever 
Afoen 

Soo 

Antic transladDn of 
Ptolenv 

Lateen caiJ 

80O CkarJemajne tnantcd 
RetKtn emptror 


ChiDcsc pDreekin rmived 
and uTUiatni in tnaTErn 
Asia 



900 

Rw ^Bo^Jharg 


Conoa and silk cstabUsbed 
by Moon in Spain 
Cerdeva at iii xrMtk 

IQOO 

AUuscq^s wriduBS o& 
opdca,ctc. 

Baghdad pciters migrate 10 
Cairo 

S<^k Tarii iffeufjr Asia 
Miner 

Fini use of nugnotk) oont^ 
pass 

Rebuilding of Sl MarVs, 
Venice 

Pirsi translations frooi 
Arabic Bcicnoc 
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CeNTRAT, A» 4 > NoRTHElW 
Europe 


Rhiiicluid stoncwiuic 
Aftclvca csthcdiAJ 
Gnbitad ship 
yUring expaitsiint 


Magyar at^wiioru 

93^3 Otta tki Gnat, im- 
ptror 

Mining in Harz moiunsins 
Eattifarii expantisn cf Ger¬ 
many 


1024-39 ConraJ //^ rmfurar 


FkAiVCE AM} TUE LOW 

Countries 


Britainj^vgu^nd 


Eatr af St ZVmi in txitfmci 


5 utt(m Hm ship 4 ]iiml 
Drttk 9/ St CutA^t 


Church organs uuroduixd 
bom Canstsnljnoplc 


87 T -99 Alfred, kir^g »f Wentz 


960-8S Dmstan, arehH^ap of 
Qsiafrhiry 


Noiman abbeys 


1043-66 Eito^i iht Csnfftsttr 
Westminster Abbey 


Failing nulls 


io66-^7 William the Concert) 
Dottietday Boat 


r 
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IV. EUROPE IN THE 


A,D. 

Tm East 

Easthin Moitbuiantan 
A itj) Co^^s^A^^1^«)Pli 

Italy {htth Spaln and 

PtjaTUOAL} 

IIOO 

<0(36-9 TSt Qraiods 

Vtnetisn tradtri in Levant 


PAper-Htuking by Mcior! 

tt$a 

Stlfdin cafitvret Jtniulcm 
yi Cruvtd€ 

Last £ftot agi ofByzanH™ 

Snmp-miU^ttsed in paper- 
imiing 

[200 

Afon^dii essttrn 

Europe 

AUnget invaiictt of Maop9~ 
tomt, ttr. 

41k Cniiodt rafttffn Con- 
stoiitinofilt 

Hinged rudder 

Vcaetiin gbss-makins 

Itiiian $iIk-throving tdlls 


Trtteti of Morto Poh 


Florin ooined (gold} 

Nevtglio Giai^e (Grend 
CuuL oI Lombardy) 




Plate armour (Mibn) 

JJOO 

0 $tomitB Turki tnttr 

BfsMiiiK territorj in 
Ana 


Speciack-makiii^ (Vouoc) 
Conofit ihipt enltr EtlgHift 
Cfntnrtei 

Catalan Adas 

Majolica ware 
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LATER MIDDLE AGES 


Ccmwi. AND NOftTHEJlN 


F^UNCX AND THILOW 


Eutore 


CtWNniiEs 


Moutd-bcnnl added to plou^li 


ChomfagtK at cAnr 

ZMth 

Cnwth of tkf Ciaereitit 

OrJfT 


Enculsd 

GIouksOct ondlsadE 
(rihf ferdiit) 


Big Gtnflidji exparaioH tott tf 
Eibt 


Abbc^ dittrdi of St, Denis, 
Pif^ (^thk) 


iip-^o Fttdttiek Barba- 
rotia, emperor 


Fotmdattm of Uiuv^^ty of 
Piirii 

Bridge of ATigDon 
Wtndmith 


Old Lvndqn Bridge 


Cogs buili for nordicm trade 


F iitlin g mills in wide use 


St GcHtihird Fm open to 
tmlfU; 

Riie offitraeioTFiit and League 


Beauvais dvoir built 


1116-72 flmfy III 
WcfrintinsKT Abbey rebuilt: 

Portland Etvnc 
Roger Bacon's expcrinicnts 


Great age of itiined glass 
ZaiJtr Zee at its maximum 
extent 


Salisbury Cathedral 


1171-1307 Edofori I 
Ceofurtf of Wolet roni/>£rred 
Death of Bitonar of CattUe 


Use of open-sea mute round nax-braker 
Skaw 

Salt-gbudog of pottery 

Crety 


Units of length and area stiTH 
dardized 

Navigadoia vieir on Thames 
1337-1453 Hundred Yeofi Wu 
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IV. EUROPE IN THE I^TER MIDDLE AGES 


A,D, 

THt East 

EASTDLV .V|l9Dr7CMILA.SEA.S 
AND CONSTANTTNOPU 

ITALT (WITH Spain and 

PCUlTlKiAL) 

1350 


/’flw fffOltcmait Tt$rhex~ 
pMtdi Jhm jliia Mmar 
into EvTtpt 

/ faUdit rtnstiuituf heiiw 

IfOO 



Pcrtvgttat W7*jr« wytf ms/rf 
Prvift Henry the A'*w- 
gatcr 

Cwr^ 

DiMMUDt Ftorence 








CcNTlAl, ANO NoRTKERN 

Evrope 

Fra-vce and mm I w 
CoiiN'ntits 

England 

Btati Dtatk 

Branden^^ Off Eleclirrate 

1J4S Bkik Dfstit 

WindmilMrivcn WDOP' 
Drhwl 

ij 48 fffvt D<ath 


Camli vrith slulca 

1377-99 RuharJ II 

Firsl $uinmit-Jcvcl auial, 
Gtrminy 

CutHron canixm, Germany 

Modem lock {Damme) 

Dutch driA-ncts 

cathednl clock 


HolIo'W''post milk in 1 lolbnil 

TatrersbaU castk (brick) 

King's Gfllcgr Oupcl, Cam¬ 
bridge, bcgtia 
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V. EUROPE IN EARLY 


A.D. 


WdtD Rhationsikps Of 
EunflPt 

Italy^ Spain, and 
P osmjGAi. 

CEKTtAL AND NORTUnN 
EtTtnpt 

> 45 J Ottoman Tsirks cap- 


Gutenberg^s printing-presv 

tart C<ntttantiH»ple 


(Moiiue) 

1471^ Pope Sixtm IV 
PiTcnls tntr^ucciJ at 

intenshx silTcr-mimTig 
Bbii-furiujce inirodoeeii 
Jakob Fitgger If ‘the Pith’ 

Instrimu;nE-milEtn.g at 


Venice 

Nuremberg (Regio- 

Dias, mthti Capt cf Cuai 

VitruTiiis's Dt arrhittttsira 

monunux) 

Hope 

printed 


Coiamhi^s Jirti vojagt 

Christian retoHqaett of 


Papat litu of imarfation 

Spain tompitted 


4 a Gama rrachtt tniiia 

¥44)4-^559 itoUan soars of 


Ca^'t ftrst voyage to Hev- 

Frantt and Spain 


fowt^ani 

eisitti *f Mexico and Iotas 

Mitce^ie pGaiHi 4 [KJd 

*5*9-56 Chattet K emperor 

af Perv cougae/td ky 
Spain 

1523 First lircumnarigttiOH 

WfaecUldcIc in'k'CfiEnl in 


of tkt wmU (*»y™ kj 

lodj 


Magtlltri^ 

Dome of St Peter’a de¬ 
signed b>' Michelangelo 

TinpUlc 

lairocbemixtry (Pancthus) 
Death of ErjAfTas 

Rail-way used in mining 

\ 

Frwkiskcr }iwxk-Wtsi 

Poaut innodneed into 
Europe 

1571-85 Pope CregoryXlII 

De Pe MrtatHea <Agrimk> 

Patsagt 

f^tofat annexed to Spain 


1 

GftgmUn cakndar 

GalUeo's discovery of the 
prindpk of the pendu- 
hnn 

15S5-90 PepeSixiKi y 



1450 


tjOO 


i5So 
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MODERN TIMES (i4SO-«7So) 


Tia Low CouNTROS 

Francz 

LNtXjeo) 


Earliest surviving illustra- 
tkm of a carrack 

1455-85 Won of tie Roses 

'Ltyiag-dry* of drowned 
bndi 

1515-47 Fromeit I 

*509-47 Hessej VI 11 



Dissobstioss ^ wsonotteries 



Casdog of iroa cannon 

BniMcb ouul cDinpktcd 

Mercator** map of the world 
1573-1609 Revolt of the 
SetkerUnit 


1558-1603 EUisietk / 
Rccoinagc 

Increased use of coal 

Brass manuEictttre establisbcd 
by Mineral and Batlery Works 
Ro^ Excissste fosessded 

Spossisk Arsssodo iefeotei 

Lee’s stocking-Aaine 

Wtndmilt-drtvefi taw 

Fly-boat 

DeUt ware 

1589-1610 Hewry IV 

Fact of Nomtn grontiog 
lolerotiom to Hwgoenott 

Log and back-etsir 
Ssteljorifmolijtlosei 

Rails first meittioaed in ooUicry 
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V. EUROPE LN EARLY MODERN TIMES (1450-175«) («« ) 


A.D. 

Wotoo Relahivehips of 
EUT tOPt 

Italy, Spmn. and 

PORILOAL 

Central AN& Northoln 
Eluopc 

1600 

Ftttndatiw of £ait Jidia 
Compdaut, England and 
HoUanJ 

Acoukmu <Id Lined 
Galileo^s iclcscope 

Ribbon-toom (Dand;} 

[61S-46 Ytatt M'er 

Sulphuric acid made at 
Nordhausen 




Gtataw Adotphus 
vaut in Gertimj 

Siege of Magdeburg 




ifi+o-SB Frederiei fFitham, 
EUetor of Brandenhurg 

1650 


PUzswf St Peter’s, Rome, 
cofupletied 

Odcr-Spree caiul 




Peter of jSrjf dsi 

to Dvjfim Europe 

1704 



PoDiem’s ctsl-iioa nffUinS 
process 




Porcebin (Meissen) 



17+0-56 Pipe BenedittXiy 

1740-86 Frtdititk lit kf*g 
of Pnittia ; tttack on 
Siltna 
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The Low Countries 

Tmeht Yetrt Truce 
First known shipment of tea 
to Europe 

Bniges-Dunkirk canal 


Mezzotint 


Dutdi press introduced by 
Biaeuw 


Mussefaenbroek’s *Leyden jar’ 


France _ 

Dangoa’s improved draw- 


Briare canal completed 
Flint-lock perfected 


1661-1715 Personal ruie of 
Urns XIV 
Rise of Colhert 
Elaboratioo of furniture 
Cast plate ^lass 

Languedoc canal opened 
Vauban't fortificatioas 
Versailles completed 
1685 Edict of Nosaes revoked; 
flight of Hupienots from 
France 

Pont Royal built 
Papin’s steam-engine 


Treaty of Utrecht 

Iron-making processes ana¬ 
lysed by Reaumur 


Mapping of France by tri- 
ai^ulatioo begun 
£ade des Fonts et Chaussies 


England _ 

1603-35 James / (Unioa of 
Crowns) 

Coal used in glass-making 
Inigo Jones’s buildings 


Statute of MonopoUet 
1625-49 Charles I 
Vermuyden’s fenland drainage 


Firtt DuUh fVar 
Pefys's diary 

liSo Royal Society founded 
Boyle’s Sceptical Chyuust 
Fire of London 

Flint glass 

GreenwicbObservatory founded 


Dome of St Paul’s Cathedral 
begun 

The Revolution 
SaTery*s ‘fire-engine’ 


Campaigns of Marlborough 
Tull’s s^-drill 
Act of Union with ScotlasU 
Coke-ameldng of iron by Darby 
Newcomen engine 
Lombe’s silk-throwing mill 
Zinc-cmebing at Swansea 

Hadley’s octant 
Kay’s flying-shuttle 
Jacobite rebellion 

Carding-machine for wool 
Roebuck’s lead-chamber pro¬ 
cess fiir sulphuric add 


CivU War begun 
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VL THE INDUSTRIAL 


A.P. 

1750 


BfltTAtN 


IZqnunent 


JO Wtetniiiy-terbridgcrani- 

pktcd 

51 Grifdblti stc«l wninwr- 
cially «sul>li$bcd 

54 Rojai So£Uty of Arls 
ftttndid 

56 Oaibreah ofSevai VVdrj 

Wof 

57 CHve^j (Vfiqaen of Bm- 57 Saxilficy Nivigatkm 

if'*/ 

5^ 5 tni[t''s ribbed hosiery 


Si The Eneyclapaedii »m- 
tnmcet ptibUiOtion 


55-<'3 Seixti Year I War 


1760 


6d Acreffiait of Gtorgt /// 


6j PeOif of Farit 


68 CmFj frtl voyage lo the 
Paeijir 


60 SfiKitati^s £dd>‘uaae 
Ij^hchousc completed 

60 Clrmn Iron WoAs 

6[ Wonky-Manchester 
caiukl opened 

62 Harrison's chnincuneter 
No. 4 tested 

62 Wed^ood's *Quecn'a 
wire' 

fiufHiz^vics’s jenny iiv- 
vented 

67 Rails eist at GulIntiolL* 
dale 


6a-^ CalkeriHe II, emprat 
of Basit* 

65-^ Jou^ lit Ilobibvrg 
emperor 


69 Arkwright’s spinning- 
tnadiinc patented 
69 Wedgwood established 
It Ctruris 


1770 


7] SmeatontAH Out 
fnHukd 

74 Excise on latUo halved 


70 Rantsden’s screw^^ot- 
ting lathe 

74 W’ilkitisain’s boring-mill 


75-S3 War of ArnerUm It^ 
dependence 

76 Adam Smith'I Wealth of 76 Watt's steam-engine in 
Nirions use 

78-83 Ff'ar aitk franee{the 78 Bramah’s witcr-chisct 
Afari/unr fPlar) 79 Iron bridge It GmI- 

braokdak 

79 Crmnpton’s mule per¬ 
fected 


74-93 Lom KVI, hif’i 
France 
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REVOLUTION, 1750-1800 


Of* EOROPC 

Aj^ohica 

5a Thiout's Utlv 

5a Fruklin's lightning con¬ 
ductor 

57 Rlune bridBTi: ai Sdwff- 
hausen 

59 Britiih tapivrf Qvt^c 

64 Tfe»p»ct’s mcihod of 
radd-nukinK 


69 Cuffnot^ steam road- 

7J-S3 IVarofIftdtptndeve 

76 Dftlaretiow «fIndtptndna 









VI. THE INDUSTRIAL REVOLUTION, j 750-1 (ftnl.) 


A.D. 

1760 


1790 


BaiTAIN 

CClNTOiENT 

8j Ptateofycruifits 

84 Mcikle’s thrc$hii^' 

midiinc 

84 Ojn's introduction of 
paddling 

8s ST»ni introduced in cot^ 
tan industry 

80 lulfTTtatiim e/HtSlaiida 
Alarilinu War 

86 Atigi^Frftnh tAmmtT(iai 

86 JJfj/A ufFrcdtrick H tf 

Ittatj 


Fnusia 

86 A^lstralia 

87 CuTwriffht'i pqwcr-Iooin 


in Eictoiy 




89 Frock lAeclaralyo ^ tkc 
R\f}Ui of Mom 

91 Orditai%cr Sttrvfj titab^ 


91 FatfHl lotP I* FrMCt 

93-161 s/>^TifA }Farj 

93 S. Bcnthim*t putEnt 

93 Rfifft s/Ttmtr 

93 Aw*/ AgruMiiurt 

Jar Hood-woriting 

estahli^d 

nudunery 

94 Letoitifr txtatUd 

94 Frock conqucft of 

/wnw 

95 ttodo Foiyitihmq^x «ftf- 

FSikid 

99 Raj^f fmtitulKm 



99 TroJtiaiamiitsdrifUgai 




I 


736 









cv EiJiiDr^ 

Asmuca 

Sj Stciinrboac Pyr^stepke on 
I. S 4 onc 

^3 Fini biUoon ascents 
(France) 

84ChristiAn ’VTI of Den¬ 
mark's Eider canal 

83 British itttltmrut of Upptt 
Catada 


85 Botholkt's use of chlorine 
in bleaching 

85 VJS. minister ia 

Paris 

86 ^Sea^isluid' txittioii planted 

87 Lcbknc's »Mhi-mikin^ 
process 

S9-97 Wsskiitpsa^ Present 


gi Metre defined by French 
Amdeniy of Sciences 

93 Quppe's semaphore 

90 First patent tav 

93 Whiiivcy's cotton-gin 

94 Balloon used for ohsem- 
tion at battle of Flcurui 



9S Senefelder's invention of 
litho^phy 

98 Guinand’i glass-sdnrr 

98 Rnhert's papcr-inikin; 

machine 

99 Lcbon'scoal-gai patent 




3B 


B0«0 


7 J 7 









VII. THE INDUSTRIAL 


A.D. 


jSw 


Britain 


oo S t=TiTui pr'< iran print¬ 
ing-press 

M Trevithick’s tii^-pres- 
Euir sreim-enginc 
01 Trevithick's slam toad- 
cziriagc 


CoNTlNtNT 


DO NapQkonB&Mparte in 
fOWff 

00 Tttatj of SsA lUefmsi 


an Pfiflrff of ^ment 


o6 OrJfTi in Council {trsdt 
hlotkndt) 


02 Mechanized tiunufac- 
ture of puUci'-bJocis 
for navy 

01 Steam lug-boai Chor- 
iotte D^undas 

Di West India docks oon-^ 
struct e<] 

04 Tdford’s Caledonian 
canal begun 

04 Trcvithidk’e laiittay 
locmndtive 

05 Surrey Iron Railway 
opened 

o 5 Gas^hting of cotton- 
milb begun 

07 Maudshy'stable-engine 

oS Dalton's atomic theory 

09 Hcalhcnat’s laoe-mak- 
Ing machine 


06 CantineoinlSyUemljmdt 

kloilcade) 

07 Serfdom aboUshei iir Pmi- 
ji* 

07 French invode Portugal 
oS-14 ft'iujiiif/jT Wnr 


1610 


Urgency pmod 
11-16 Luddite riott 
ia-15 American War 


11 Bell Rock lighthouse 
II Standedge canal tunnel 
It Steamship Comet 


10 Fmek freniiert extended 
tofltimeeindL^ch 


t j ^lEAiiln'/diitd Society for 

presenting aciidenti in 14 Steam cylinder-press 
eoal minci fottndcd printing of The Timet 

14 Siephctisan's Btueker 

15 BaitleofWaterlsotCorn 

Lam 

16 Bombardment of Algiers 16 Davy lamp 

iS /iw/iTttfiiwi of CinI £a- 
ginetn founded 

ig Cold standoird etlahthhcd 19 Me Adam's Fractical Es¬ 
say on Roads 


14 first oixrtkrom of jVo/tf- 

Iton 

15 overthrom of 
ddapoleon 

1S-4S TheAgeofMcttemich 
in Central Europe and 
Italy 

iS Brginttittg of J^Stiafs 
evjtomi union (ZoUve- 
rein) 












REVOLUTION, i8oo-:8so 


OP Europe 

Aaieuca 

00 Volbuc pile 


DO Wlattney malics muskets 
with Interchangeable pans 

or Jacquard loom 
ot Aduu-d’s sugair-bcei fa> 
Dory 


01 Finlcy'j patent chaii- 
bndget Pcnnayraitia 



0+ Evans's high-pressnre 
stcam-engirbc 



07 Steamship Ctermant cn r. 
hludson 

ID Apprn^smwtpircscrvaticm 

10 Si Quoniia canal opened 

1 2 fVar ffiilaiu 

1 1 //tpostf/i ^ Caitad4 

ti Steamship Orl^i on r. 
Ohio 

15 Ed ward^c compound stcanv 
engine ptatenTed in 
France 



18 'Diaianc^ (patented dandy- 
horse) 


t8 BUirchard'a copying^lathc 
for gunstocLx 
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VII. THE LVDUSTRIAL REVOLUTION 1800-1850 


A.D.__ Bun^N _ 

]$ja ao Acittskn BfCtvrti IV m Hsnpodt*! rubber mas- 

licaiDT 

11 Roberts’s powcr-locun 


COWTINENT 


33 S*Ji €3:cist tk«&ihtd 

34 Trtdt uniav ieitliuJ i* Ajpdin’s PortUnd 

ccltuCflt 

34 Alanuracture of 'mact- 
iniQsha' 

EmigratiM fif Mriiidiu 35 Stodtton-Dulmgtoii 
UttJktJ railwiy apax^ 

z6 Parises ihaufiutrope 
36 Telford's Maui hrid^ 
27 First &Ktion msuits 


39 Neibon’i hut^blast 
29 Stcpheiuoa's Rxirt 


1830 


31 Briliik JuoctMlim 
fiimded 


31 Choi(ra. epiJtmti rtMfAtf 


30 RobensV sclf-*cung 

mukpolected 

30 Lii'Opool-Mandirtia' 

railway opened 

31 Cvnmcy's steam-carriage 
31 Faraday dcmoiuiratea 

ckcmunagnetic iiw 
ducdoa 

31 Bickford's safety fuse 
31 PhQItps's contact pro- 
ccas forsulphuricadd 
patented 


30-48 OrteMi mansreltj in 
frafUf 

30 IttdtfmJttve if Belgium 
30 CAelett 


33 EmttBcifiatumcfiJt^siii 38 Pattinaon's process for 
Brifjjil Emfirf sava-extraetkw 

33 Firjf pMlcry 

Ati 

33 China trade ikoara sfieit 


34 ZoUverdn hetaae vidtfy 
tstaitiiheJ 


37 Afeesmn •[Qneen VU~ 

toria 

38 Rayat Agnetdianl 38 S.S. Gnat Weitem 

Sadety ffiondid initiates regular Atlan- 

■^‘iTyphtiej^demeiaLn^ tic oossingi 

dm 38 Screw propeller 

38 CAafturauoraaratkjmr 38 Londoa-Birminghun 

railway opened 

38 Telegraph Installed on 

railway 

39 Nasmyth's steam-ham- 

nur 
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qfEuhopc 




22 Iron paddlC'Etiaincr 

/far«t jlfdnijron r, Sckuc 


25 Seguln's wire-suspension 

ro«J-briii*e 

26 Niciphore Niepce's first 

pboiQ^ph 

27 Faumeyroa's waua'-turbine 
27 Ghent ship caiuJ 

2S Sequin’s muItt-ruhoiUr 
boUer piicntEd 


32 dc Ginrd's fiix-hedcling 
machine 

32 Gotha j^rat completed in 
SiMden 


3 j Brussels-Malinex railway 

36 Sorel’s galvanized iron 

37 Pajjthins's shell-gun 

adapred in Fiance 


36 Pgftn/ 


20 Ithiel Town’s trust^dge 

patented 


24 Erie canal ooiuplcted 


2S Danrprth's throstle and 
Thorp's ring-spinning 
rrainc invented 

30 Sieveiu’i inverted-T nil 


31 Morris canal completed 


32 Hist horse-tramway in New 
York 


33 Iron-smelting with anthra- 
die patented 


35 Coll revolver patented 


3^ Bruce's type-casting 
machine 


39 Dafuerreorype 
39 Timoel-luln (Denmark) 
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VIL THE INDUSTRIAL REVOLUTION, 1800-1850 (tuat,) 


A.D. 


Britain 


CoNTiNixr 


1840 


40 Pttfny pfya uiitUuieJ 
40 Colmisation NtiP 
ZeshttA 
40 Bombardment of Aert 

42 ShafiesbvTy'tC^iMintt 
Ait 


40 FiLington’5cJcrtn>-plai- 

ittff 

41 Fo;cTi)bot’flcaIoC}'pc 


40 Liebift Qicmisiry io Re- 
Utiiui 10 Agiiculnirc 


4^ ZoUvcrcin pofnif ffitfsnf- 
fiaa 


43 Export of mAcWniry 
JegatiSiJ 


43 Bruners Thames tunnel 
opened 

43 Lewes's superphosplutc 
&etoi7 


44 Bank Charier Ait 

45 Royal QoUrjit of CAem- 45 MeNaught’s compound 

istry founded stcain-enEinc 

45 Exeiit doiiei an gtaa re¬ 
peated 


46 Com Lairt repealed 
46 Standard raitovy-gauge 
iniraduted 


48 MiiTi Political Ecxinomy 


4S The YearofRetoluthn 


49 Navigation Adt repealed 
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Aaiehica 


or EtnDPE_ 

40 Rollcr-Hiiilling of grain be¬ 
gun in Hung^ 


41 Drejfse’s pEttlle-pin 


43 ZoU orthed dam 


45 Scbbnbein^s discovery of 
gun-oottion 

45 Rifled brccch-loiding 
utilkry, Piedmont 
45 Hcilmann'fl comb 


45-44 PrtiiJfnrjf of Polk 
4b .^feJrtVan War 


4S Gufi/ijniio fflJW-fUiA 


44 Krupp’s steel gun tested 
49 Minie bullet 
49 Monier's reinforced com 
concrete 


41 Goodyear uivcnts vulcwii- 
zation 


45 Qigelo^'^s Bni^ls power- 
loom 


46 Dearths steel mould-boards 
46 Hoc’s rtnary piesSt PWU- 
delphia 

46 Ether csmblistvcd as anaesr^ 

thcticmopcrailon 

47 St Lawrence improvements 

completed^ LaieOntaiio* 
Montreal 

48 McCormkt reaper ftetory- 

piroducod, Chicago 
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VIII. THE INDUSTRIAL 


A.D. 


1&5D 


iS6o 


BktlTAlS 


5c Pvlrlie Liirdritt Act 

51 GfWl £i/aiitf9rt 
{Cryit*J Patscf) 


$0 ¥L Siepbenson's Brit- 
armUVridfE 

51 Dcmr-Cilaaoihksuc- 
fully sublisbctJ 


51 Ducfivcrj of f»W M 51 Ostcr-Donisthorpe 


AiisttoIiA 


55 CUiUMc's fru Frcr 
TroJe BaJget 
S 4 “SS -Swgif 9/Sdwtopof 
54-56 Crjavoa IVar 
55 Nf^tptpcr titmp duly 
rtptttUd 

55 Metropolitan Board of 
Wofki cjtabHihcd 


57 Indian Mutiny 


jmdune-comb 


56 Bessemer steel 
56 Perkin's discover)' of 


5S Arc lifhtf S, ForeUnd 
ligbduuse 

59 Great Eaaim completed 

60 Aflglo-Freneh Ctmmer- 

eial Treaty 

61 Paper OaiUi repealed 6J Fint »ll-iroii mirship^ 

IPjamw 

61 /N/rrtMrieiM/ Exhihtion 62 Steel nits 


65 Alkali Att 


6s ^Rtd Flaf Act 


65 Electrolyik rcGninc of 
copper 


65 LmI tevete epidende of 

cheieta 

66 Cs/zir Dtstatet Preven¬ 

tion Aft 56 Atlantic cable fiiuUy 

successful 


CoemNCNT 


51 !\!apole<m Jll^ fm^er of 
the French 


59 Franco-Auiirian nvr m 

Italy 

60 Itidy vnited {except Vene- 

tia and Fonte} 

61 Enaneipation of serfi 11* 

Ratsia 

62-90 Bismarck bt power bt 
Pruma and (71-9°) 
Cemanj 

64 German war against Den¬ 
mark 


66 Auttro-Z^tusidn war 


6 j Parts Fxkikitiaii 
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REVOLUTION, 1850-1900 


or Europe 

AMERtCt 



51 Bogardus't cast-iron frame- 

53 'V'tciwu-TricEte nilviy 


buildings 

SI Kelly’s steelnnahing con- 
icrter 

51 Singer’s sewing-machine 

53 Colt's aimouiy (inter- 

through Alps 


changeable system) 

54 Fin$ trade treaty vitk 

54 Gesner nunuEu^ttires 


Japan 

kernsene {paraffin oil) 

55 DeviUc^s aluimniuni 

55 Afam-yi Physical Geo- 

55 Turret lathe 

55 Buawi faumici' 

giaphy of the Sea 

55 Rocbling’s wire-cable 

55 KhOer^s tungsten stcd 


bridge, Niagara 

(Auirtri*) 

^ Tlirce-high steel mill, 
Motsh 



5S Bessemer stetl perfected by 


57 Otis’s safety ekvators in¬ 
stalled 

CocRnsson 


59 Drake’s oil-well, Pcnrayl- 

$9 French ironebd. La Gtair/ 


S9 StcjuvroUcr invented in 


vanU 

Fnnce 

£a Exploitadon of Stusfiirt 



poiudum deposits 

61 Sdlvay^ssotU^nuking piro* 

61-65 /j'rvoiir, Presdent 


61-65 Cici/ If'af 

6a Brown’s universal milling- 

cess patented in Bet- 

6a Lsiut'paal reUeiet 

giiim 

6a Monitor iw aetwn 

machicM 


6a Gading gun paumted 

64 Wliitchcad^s torpedo dc- 



signed in Austria 

65 Adaisaekusetti Injtitaie of 


TeehHBhjij 

65 /iiolitiatt of ilavfry tom^ 
pitted hy 13th Aourtd^^ 
ment 

65 Atlantic cable finally sue- 

66 Chissepot ride introduced 


cessful 

in France 

66 Fureas arch dam oom- 
pletcd 

66 Nobel invents dynamite 
66 Siemens-Martin open- 
hearth steel 



67 Michamt manuractmed 

6rj Domiaien eenttitutim of 

68 Armour’s meai-piacking. 

Telod pedes 

Canada etta^sked 

6g Sure Canal opened 


Chicago 

68 Wesdttghousc brake 

69 First trans-eotitinpental rail- 

69 Alizarin synthesized, Ger- 


way 

many 
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VIII. THE INDUSTRUL REVOLUTIO.V, 1850-1900 (cM.) 


AX). 


Bkitain 




1870 


70 EJmeation Act 


74-80 DisrtH't tetond 
goKrnmtnt: imperit! 
expamaon 
75 ExplosHxs Act 


1880 


70 Weklon's process for 
bleaching powder 

71-76 World oceanogra¬ 
phic sur\'c}’ by The 
ChMUenger 


75 Loodoo main draixuge 

system completed 

76 Contact process for sul¬ 

phuric add brought 
into use at Sil^-ertown 


77 Rubber plants success¬ 

fully established in 
Ceylon 

78 Swan’s carbon-filament 

lamp 

79 Bovd Trade autlur- 79 Gilchrist-Thonus basic 
izet tteel in hridga sted 


82 Kynoch’s brass cart¬ 
ridge-case 


84 Maxim gun 

84 Parsons’ steam-turbine 

85 Rover Wety’ bicycle 


86 Nohel Djnamite Trust 86 Severn tunnel opened 


87 Golden Jubilee 


87 Cyanide process for gold 
and silrer 


70 Franeo^PrussUn war 

•jt German Empire estab- 
Hiked 


77 Full protection for patenst 
in Germany 


79 BismarcFs first tariff ia~ 
creases 


8a The Triple Alliance of 
Germany^ Austria^ 
Hungary, and Italy 

83 International patents con¬ 

vention 

84 Charlottenburg Teckmcal 

High School com¬ 
pleted, Berlin 


86 Optical glau nude at Zeiss 
works, Jena 


88 Dunlop’s pneumatic 

tyre 

89 Ferranti’s Deptford 

power station 
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or Eiaopc 

Amexica 

70 Gnmme's ring dynamo 


• 

71 Mont Cenis tunnel opened 

71 Cloeagnfire 


73 Baku oil industry 


73 Remington Company’s 
typewriter 

73 Brayton’s oil-engine 

74 Eads’s St Louis bridge 

76 Otto gas-engine 

76 Ccntcimal ExkiUtUn^ 

76 Bell’s telephone 

77 Reinforoed concrete beams 
patented by Monier 

77 Frozen mutton shipped 
(Argcntinc-Le Havre) 

77 Laval’s cream-separstor 

PkUadeIpku 

76 Edison’s phonograph 

79 Electric railway exhibited. 

79 IVaroftke PtaficiCUU 

79 Edipm’s carbon-filofnent 

Berlin 

V. Bolivia and Peru) 

lamp 

80 Halftone block used in 
Nrw York Daily Grtpkie 
80 Carnegie’s first big steel 
furnace 

83 St Gotthard tunnel com- 


83 Edison’s Pearl Street 

pleted 


generatiitg station 

83 Completion of Brooklyn 
bridge ♦>« 

84 Magazine rifle adopted in 


84 Kollcr uses cocaine as 

Germany 

84 Electric trams in Germany 


anaesthetic 

85 Mannesmann's 


85 Siepheitton’s rail-gauge 

steel tubes patented 

85 Welsboch’s gas-mantle 

85 Daimler's first petrol- 
engine 

85 Benz's first motor-car 


standardized 

86 Vieille’s Poudre B 


86 Linotype first used by New 
Yo^ Trihme 

86 Niagara Falls hydroelectric 

87 Aluminium produced 

electrolytically, Schafi*- 
hausen 

87 Steam-tricycle, France 

87 Laval's turbine 


installation b^n 

88 Marey’s clutmbre rArma- 


88 Tesla’s A.C ciectric-motor 

pkatographifue 

89 Eiffel Tower 


88 Eastman’s Kodak camera 
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VIIL THE INDUSTRIAL REVOLUTION, 1850-1900 (etnt.) 


AJ). 


Britain 


CONTtNENT 


1890 


90 First ‘tube* railway 
90 Dtily CrapkUf fully 
illustrated 

90 Forth bridge completed 


9(2 It’ine Fmatut Mmster m 
Rmssu 

9a Moline isriff’m Fruut 


94 Caatner’s electrolytic 
process for caustic 
soda 


Repeal ^RedFUg'Aft 

97 Di«mndJt$Met 97 Parsoos’ TurUm* 


98 Bsttk »f OmdarmsH 


99-1902 S^utk Afrittm War 


1900 


01 D<Mk tf yictmt 
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or Eukok 

Amouca 


90 MeKmUj tariff 

90 First completely steel- 
framed building, Chicago 

91 Trtn»^ibcrun railway 
begun 



93 Benz's four-wheeled car 

94 Kiel canal 

95 Cioenu set up by the 

Lumibts, Paris 

93 WtrU Exkihitimt CAirage 

tjk BmetaUia eUctiam cam- 

93 New Croton aqueduct tun¬ 

nel complet^, New York 

94 Edison’s Kinetosoope Par¬ 

lor, New York 

95 Northrop's automatic loom 

95 First main-line railway 

electrified 

96 Ford's first automobile 

97 Syncbetic indigo made by 
Badische Fabrik 

97 Diesel engine successfully 
manufoctured in Ger^ 


97 Monotype printing esub- 
lished 

many 

98 French *75’ quick-firing 

gun 

99 Dortmund-Ems Canal 

98 Spatuth-American IVar 
(ia Cuka, €tc.) 

98 Owens’s automatic bottle- 
nuking machine 

00 First Zeppelin launched 

01 Marconi begins transatlan¬ 
tic wireless telegraphy 


03 Orville Wright achieves 
heavier-than-air, powered 
fli^ 
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SELECT BIBLIOGRAPHY 


The following is a list of books available in Elnglish which amplify, and shed 
further light on, the histories of the N-arious technologies discused in the text. 
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literature of the subject is at present very unev enly divided among its brandy. 
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Brkks, 18, 94, 146, 158, 161, 166, 172, 
*76, 177; 405, 590, 591. 

Bndge building; 163, 168-70, 177; 415, 
438, 439 , 448. 449 . 450. 45 *- 3 , 454 , 
455 . 456. 457. 

Bridges: Avignon, 177; BUckfriars, 449; 
Britannia, 453; Brooklyn, 455, 4^; 
Chitcllerault, 418; Qifion, 45$; Forth, 
415, 455; Grand Trunk, 4C5; Hunger- 
ford, 455; London.177, 184;311.4*9. 
450: Mcnai, 431, 452; Pont du Card, 
170; Pont Louu XVI (de la Concorde), 
Pont Royal, 184, 185; Pont-y-ty- 
Pndd, 450; Royal Albert, 453, 454; St 
I-ouis, 455; Southwark, 450; Tay, 449, 
456; Waterloo, 450; Westminster, 184, 
185. 

British Association for the .\d%’ancemcnt 
of Sdeoce, 344, 482, 611, 621, 628. 
Bromine, 554. 

Brome, 7, 12, 14, 35. 56, 116, 127, 131. 
*39t *50, 166; 497, 504; making and 
casting, 117, 118, 125. 128, 133, 137, 
«38, 14a. 

Bronze .\ge, 50,63,81,118,157,162,198. 
BuiJding, 25, 157-89, (176, 185X 2^0, 
243; 289,403-8,409.410,411,413-18, 
4^2, 423; for transport, 429-66 (447, 

« ^ 

Buildings: Bath of Caracall^ 166; *Bce- 

hive’ tombs, 162; British .Museum 
Reading Room, 414; Colosseunn, 165; 
CoTcnt Garden, tot; Crystal Palace, 
409 .5991 Eiffel Tower, 414, ai8; Great 
Pyramid, 159,163; Greenwich (Queen’s 
House), lot; Hadrian’s W^ 165; 
Halles Centraies, 409; Hampton Court, 
181; Houses of Parliament, 408, 427; 
Ishtar gate, Babylon, 161; Karnak 
(temple), 160; LiMTie, 181; Masonic 
Temple, Chid^, 416; Mausoleum of 
Theodoric, Ravenna, 173; Mcnier 
chocolate works, NotsicLcur-Manie, 
414; Pantheon, 166; Parthenon, 164, 
165; I^Utzer, New York, 416; Step 
Pyramid, 159; Stonehenge, i62;W’hite- 
h^ (Banqueting House), i8t; see sJso 
Churches. 

Bullets, 148; 501. 

Bunsen burner, 512. 

Cabinet-inaki^ 102, 152; 411. 

Cables: electric, 499, 529, 616, 619, 620; 
**«***?«'. 367.5*8; submarine, 493,621, 
wire. 455, 456. 

Cabson, 184; 416. 453. 455, 456. 
C^bnunc, 125, 142; 489. 

Calendar, 222-4. 
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Caliche, 55J, 555. 

<^co, loi; 554 ^ S 59 ^ 

Camels, 40^ 

Camcn (pbotoj^nphicX 596 S 4 ii * 55 , 

657. ^sSp 659 
Ounen obscun, 652, 653. 

Canada: agrkuliii^ pr^ucK, 6S0, 693; 
industrial nuteriak, 494, 519, 531; 
transport, 44^' 

OmnUT amcicat, i ^ 19,167,17 [; draina^, 
7j, 170; imgaiKin, 35, 53, S4; 

^PPly> i ttmekm period, 179, 
l.^ 7 i 1^1 M7E in' the industrial rcvolu- 
«»«P 356, 377, 4415, 4J6-4* f4J7i 
443). Sft aisif Inland witemai's. 

Cjnals named: Budo, 440; Caledonian, 
437; Dortmund-Ems, 4445 Eider, 445; e 
E ttesmere, 4^9; Eric, 4^; Grand 
Trunk, 5871 ^d,4^, 445^; Lan^cdoc, 
jSB; Manchester Snip, 437; MarriSj 
NavfflJo Grande, 179; Nenh Sis 
Ship, 444 -, Ourcti, 443; Panama, 4465 
ravH, ^3; Fcnn^-lnnia, 44a; Risent^s, 
419: St Quentin, ^3, 457: Sanltcj 
Navi^tion, 436; Shropsnirt Udon, 
438; Thames and Medway, 439; 
SVehand, ui; Wnniey, 439; w sha 
Suez Gmal 
Candles, 308, 6S3,639- 
Cannit^, 691, <593,695, 696, 697,698. 
Cannon, jcf nAxcitbrj. 

Capstan, iSou 
C^rci, 37. 

Caiholk acid (phenol), 549, 553. 

Carbon. 115, 131,135; ^3,542, S5i>6ii. 

030, 631; rrc atsa Charccal. 
Carburciior, 605. 

Cardin^, 9b, 105; 391,^4 5^3,569,570, 
Careening, 3 d8, 2O9; 3^, 

Carpentciti, 12, 90, roi, 176, 358; 345, 
346, 45i, 668. 

Carpels, is: ST^t 5*0, 581. 

Carrack, Z04. 

Carriapr, irr Sieam-carriaECc- 
Carmctadci, 279, 

196s 303 - 

Cartoitraphy, 42, 239-31; 631. 

Canridgw, 501, 503. 

Carving, 7, 23 , 33, 81^3, 103 , 16s, os; 

J 5 S. 41 1 . 

Cassiiciite, 117. 

Cast iron: early histnry, til, rjS, 144; 
increase of supply, 474-^: USC in 
buildinif, 407-9,430. 

Casde. JJr J 40 p I 74 p T77, 

Calanatr, 17,127, [97^ 34&-S, 

Canle, ue Stoek^-kcepuig. 

Caustic soda, 265; 495,520,521, 550, 551. 
Cavc-paiQ[fn)[tS, 4, 315. 264. 

Celluloid, 638. 


^ilkdoM, 547,63s. 

Cement, S3, 145,16b, 184; 405, 414,416, 
4 ^. 45 *. m, 41^^ 

Cementatron proceu, rzr, 126^ tj6, 145. 
Quirs, 82,89,1 oi’S; 411-13. 

Charcoal: inercaso in cost, 124, 143; 477, 
482; in gunpowder, 269; nunuHcnrt 
of sodiuin cyanide, 550; methyl alcohol 
and acclic arid, 554; lUC in metak 
working, 115, I 3 I, 126, 142, 145; iff 
Carbon. 

Chariot, II, 193, 194,19B. 

Quits, 33, lot, 305, 2(rt. 211, 23c, 231; 
J 46 t 5 ^. djS' 

Chemirid Industrv': beginnings, 239-73; 
in the industrul jncvuluikm, joS, yjr- 

Quid labour: in eoal-mines, 46^, 470,473; 
in poticriia, 386, 589; in printing, 638; 
in lextilfl. 105; 313, ss8, 57o;app(rm^ 
ticeship, 3^, 701. 

China; ceramics, 91 -94; 5S3,5S7; sitk»,8i, 
99, idO, lod; trade linl^ 16, 3^, 131; 
367, 697: other inducnces cm Europe, 
^1, S 7 p 40a, si8k Toi. 

Chisel, Jt8, 159; 491. 

Chknirduem {of water), 423. 

Chlorine, 423, 49S, S37, 531. 

Qilororimn, 356. 

Chocdlale, ^3. 

Chromium, 358,4S6, 597, 

ChioilOimctcr, 20b, 211, 

Church building, 25, ^ 172-5; 406-8. 
Churches named: -Aachen, 173; B^uvais, 
] 74: Cambridge; King^s Co!l^ QiapcE, 
175; Canterbory, 174, 178; Florence; 
Lhlomo, i79;Greeustcad, i72;I>Dndan: 
St JohnV [Towxr of Ivondon), 174; 
St Paurs Githcdiil' 160, 183; At 
Paul's, Cb^ienr Garden, 406: IVeai- 
minstcr Abbe^-, 174, 175; Ntilan, 179; 
Paris; Abbey of St Denis, 174; 
Ravenna, 173; Rome;: Si Peicr’s, 180; 
Rouen, 226; 408; Salisbury, 173; 
Venice; St JVlark';, J 73. 

Cider, bi^ 

QneonatDgraphy, 637, 661-7 
Circ ftrdut process, iifl, 133,137. 

CdocEs and watches, 224^345-S, 348; 34b, 
^ 347, 356* 4^. ^r. 

ClvimpB/f. 130 , 130, 137. 

Opthing iodustry', 373. 

Clqii'er, 70; 675, 676, 

Qm^ t88, 207; 3S8, 433, 438. 

Coal: use tn tranr-forees, 135, J43; in 
gkss-maitiVB, no; m potieiics, 58^ 
590; fur lailny loconKHivcs, 333; out- 
poit in Britain, 41, ^ 146; 30b, J12; 
uutjJut elsewhere, 2S5, 290, 396 301, 
30b; transportation, 213; 377,403, 
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OmI-Sis, 506-14 (509, 5«X 590, 

601, 603; enrichment with oil, $32; 
Siemens^ gas-producer, 484. 
Coal-mining, 467-74 (470). 

Cool-oU, 516. 

Cobalt, QC, aba; 490, 597. 

Cochineal, 267. 

Co<kUm, ia4. 

Cocoa, 67; 683. 

Codex, 333. 

Coffee, 67; 68t. 

Coffer-dam, 185; 450. 

Coins, la, 15, 34, a8, 135, laS, 138,139, 
141, 14a. 

Coke: m iron-smelting, 146, 147; 390; in 
malt-diTiiw, 146; 474, 475,479; sepora- 
tioo of nickel, 494. 

Colander, 363. 

Collodion, 656, 657. 

Collotype, 6m. 

Columns, t6o, 164, t8a 

Combing, 96, 105; 568, 570, 516, 578. 

Compressed sir, 347; 459, 460-3, 473, 

491. 

Concrete, 18,166; 406, 416-18,434, 435, 

^ 44S, 50^. 530. 

Conservation of matter. Law of, 373. 
Cooking, 69, 75, t43, a6i, 363; 514, 531, 
691; uealso Pood preservation. 
Coopers, 64. 

Copper: early history, 7, 114, 117; alloys, 
135, *4*; 489; coinage, 143; use in 
electrical industry, 498, 499, 619, bao; 
output in 1900, 4^; smelting, 115, 
*47; 48*. 4^ 49a. 493; wurces of 
ly» 4«» laji 124, »34t *40; 4*7, 

Coracle, 191, 793. 

Corbel, 159, 163. 

Cordite, 549. 

Cordwainers, iM. 

Corn-mills, 58, 59, 68, 69, 350-4; 476, 

693,693- 

Cornish engine, 335, 336, 430. 

Ot*, 341; 430. 

Cotton industry: raw material, la, 55, 
79; *93,304,557,55*; processes, 8^ 98, 
104; 557-66, 577, 579, 580, 583; mer- 
oenzing, 577; gin, 356, 557. 

CowpCT store, 48^ 

*Cracking‘ (of oilsL 5**. 5**. 5^ 

Cra^ 175, 185,310,3^, 347; 448,457, 
466, ^t. 

Cretan (Minoan) ctvOiation, 14, 81, 158, 
161, 163, 193, 195, 3x8, 319. 

Crops (industnaO, 50, 70; 675. 

Crops, Rotation aif^ 26, 70; 669, 675, 

6 ^. 

Crops. Selection of, 48, 50, 51, 66, 70; 



Cross-bow, 37,137, 139, 346, 349. 
Cross-staff, 155, 206. 

Crucible, 363, 481, 490, 496, 593. 
Cryolite, 495. 

Cubit, 230. 

Cultivators, 670, 681. 

Cunctform, 217. 

Cupel, 116, 133, *25. *34- 
Cupok, 475, 503. 

Cutlery, 35, 84, 85, 91, 103; 411, 480, 
481, 488, 679- 


Dagger, 118, 130, 121, 162. 
Dapjcrreotypc, 652, 654, 655. 

Dairy produce, 29; 675, 683, 685, 686, 
691, 693, 699. 

Damask, 33, 106. 

Dams, 53; 432, 433. 

Davy lamp, 471 473. 

Dehydration (of food), 699. 

Denmark, 4, 50, 117, 157, 256; 286, 394, 
445, 591; agriculture, 686. 

Df rehu Mluit, 352. 

Derrick, 491, 517, 518. 

Diamonds, 491, 518. 

Diesel engine, see Internal combustion 
enpne. 

Distillation, 61, 68, 124, 362, 268; 520, 


Div^g-en^, 344, 348, 349. 

Docks and fiarboun, 19, 171, 198, 308; 

43«. 463-6. 

Dogs, 45, 46, 69, 190. 

Dome, 166, 173,179, 180, 183; 414. 
Domestication of animals, 45-48, 190. 
Donkey-mill, 59, 349, 251. 

Drainage: house and town. 16, 162, 178; 
300. 406, 435-8, 710; land, 33, 73-74; 
443. 444. 684. 

D^ging, 445, 446, 465. 

Dnlb, 71, 83,90,136; 34S. 346,347,361, 
474. 5«8, 5*9. 

37*; 556,7*0. 

Dyes: animal, 89, 267; for leather, 84; 
for textiles, 8^ 10^ 365, 266, 267; 
mordants, 98, 365, 368; synthetic, 
543-6 (545). 554; vegeubk, 266-8; 
ws. 546. 

Dyke, 33, 72, 

^numite, 459, 547. 

Dynamo, see Electricity. 


Eastern (Roman) Empire: general impor¬ 
tance, a^-25, 37-33, 37; separate 
technologies, 93, 95, 99, 106, 131, 133, 

*53. *73. *99. 

Ebony, 83. 

Ecok dca Fonts ct Chauss^, 188; 404, 
^430. .443. „ 

Education, 308, 404, 686, 703, 704. 
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EfjTrt (ancjcnt): agjkiilturc, $ 3 ^ 54, 
buildings, 157, 161, 163, 1*7. 170; 
chemkii pfoctssei, hLuof^, 7, 

10, ri, 14, 16, 17^ If, ikl mdUstricE^ 
78, St^, tij, ifi, 17a; 

transport, 190-f ^ writing and rocQrding, 

317 , 230 -ij 12^33, 

Eloc^ baltcrits^ 6ia-'i3. 

Electridrv: carlr scud^, 6oE-tif genera¬ 
tion, 336, 338. 418, bi i-iB (fii3-X7}; 
distriimrion, bi3-2ti in inicrciri com¬ 
bustion engine, 601, 605; In Erauspon, 
3^31 393. ^►36; UM for lighting, 384, 
639-36 (631-3): use ftjT power, 359, 
633-6: tfc alfa Power starious, 
graph, Telephonic, 

Electrochemka! processes, 493-5» 549-53» 
6io, 636. 

Electroplating, 490, 499. 

Electrum, 130, izB. 

Ekment, Nature of an, ^73, 

Elevator, xe IJft 

Emigraiion, 383, 303, 305* 307, 364, 368, 
680, 6S6, 705, 

Enamel-wurL, 127, 137. 

Enclosure of land, 388, 675, 6S2, 
Encs'dopaedus, nr, 148,149: iSf, 
Engineer: dvil, 165, 184; 3^ ^3, 439, 
449; miticar^', 16^ [63, r6G, 183, 184, 

Engines, ire imJet iaJivijfhil Ifpfs. 

ImprerfrImpTffi'td, TJxU 6 §i}, 74. 
Engraving: drypoint, 141; eicning, 337: 
lithographs, 6fo; mcznociitr, 343; qf 

xoQ,'inj;f97, 

Epidemic diseases: cholera, jgO, 434,436; 
inhuenzii, 710: t>'photd, 4357 t^Tihus, 

Esilmos, 83, rz4, 339. 

Etching, ve Engraving. 

Ether, f 24, 5^6, 

£trusi3.n ciriliaalicHi, If, 17, S7, 91, 133, 
137, i6j, 167, ]68, 319, 274- 
Exhibitions: London (zBfiX J93> 

3Sip 353, 55 5. 4ta, 55i> 590. ^ 1 , 6^, 
63S, 647, 67a: London (lolia), 644; 
Paris (1S67), 399, 301: Vienna (1873), 
359: Philadelphia (18^), 336; Paris 
(1878), 521: Chici^ {1895), 499* Paris 
( 1900 X 590- 

Explosives, 305, 474, 499, 546-9; Kt 
Gunpowder. 

Factories, 33; 407, 417, 710; gu-lighting 
in, 508, 513; textile, 39s, 563. 

Fan-tail, 356 
Felting, 97. 

Fennentarion, a6a: 554. 

Fertilizers, 70; 485, 553, 554, 578, 669, 
671,679,684. 

Fihgrec, llO, 117. 


Filter (water), 421, 4x4, 

Fire: early uses, 3, 75; -settinf, 

248, 487: in w^arlarc, 173,34S; lundling 
o/,3;55a. 

Firo,-Arinst dfly hinorv, i4fi''|a, 370; 
Amcrian manufucturc, 356, 359, 6^; 
modem rifles, fws-a; pistols, 149 ■ 356; 
revolvi^ 299, 3516; xe dim ArriUcry. 

Fire-engrnes, iBa; 335. 

Firc-pfeventiDft, 376. 407, 418, 590. 

Fishing, 63-66; ^7, dks, 069.. 

FUx: cutti^'atiem oL 49, 50, 79, 8S; pre- 
pzradon for use, 79,96,104; 567, 568. 

Fiinr, 4, 6, sr, f6^ 58, 84, 101, iio^ 117, 
iifl, 149, ifo. 359: 505. 

Flint-glass, JtO. 

Flint’null, 585, 

Fkaring miLL, zga, 

Ftu^ 115. 

Flying shuttle, 105,107. 

Food prepOraEion, 58-63; 691-3; Xe atut 
CoMing. 

Food presenration, idi; 694-9. 

Pork, 33, 69. 

Fcntes[-.Vtac.Vrthur cj^de process, 550. 

Foirihcation, 3®, 38, IJl, tyZ, 177, 1S3; 
503, 503, 

Foundatiqfis (butEdtnes), 158 , i 6 q , 184 ; 
4t6. 453. 

France: agriculture and food, 49, 66, 73, 
303; 678,686; building, 95, tEi; 403, 
4C4> 4<>7-9i 414, 417.422^ 423,426,449, 
463; communiations, 187, 189, 231; 
387-9, 39J, 394. 395, 397* 39®. 4XiP-2* 
439* 430* 433. 433t 443, 4+4, 621-3; 
history, 15-33, 36-38. 4t-+4; 276-91, 
+95^. 301, 30a. 306-8; tcxliles, 

^ to^, 107; 567-7^ 576-*; otner 
iFidusmes, 95, no, 238, 272; 494, 
SOi-5. Sfl7> 524. S3T-3, 537i 543. 
549. 5*4* 590. 593-5, 600-2, 612, 617, 
618,621-3,6310,642+ 649: phntDgiaphy 
and. dnematography, 652-6, 663-7; 
sre dim Huguenois. 

Free-trade nwvemcnt, 285, 297,299, 576, 
6^ 

Fndt-rgmwitig, 49,70:683,685,694, 696, 
699‘ 

Fulling, 3|, 97, 98, 108, 265. 

Fuliins.nulJ, 33, 98, 253. 

Fur, 14, 48. 

Furnaces; blase, 144; 475. 4^; Cula^ 
iz6; Oorskan, 134; in glass-making, 
iiB; 599; nniii>.)Kanh roasting, 493; 
open-hearth, 484, +85; revcrbmtoty* 
142. 146; 475: shaft-, 126: Siuctafen^ 
134. 144- 

Furniture, it, 16.81, 83, 89i4ii’^*3i. 57|' 

Fuse (electric), 635, 

Fustian, 98^ 104. 
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Oalcni, 

Cal^'anizaticm^ 4i]r7t 
Ga^ g3s-c^ginc fuds^ 6oa; gas* 

qiL, 53a; ATf bZu Coal^fls^ Pi^uCcr-^gas. 
Cay-cn^nc, Vf lojlcmal OimibuSlian 
cn^nc- 

Gswllnc (wtrol), jaa 
Gear whctbp 1x9, 24$, 347 * =55. 

35S, ifti. fjh. 

Gclad/K^ 6 j7, 6]^ 66a, 661^ 66y 
Ccmun aih'cr, 490, 

Gcrmuiy; agriciiinur and fbod^ AIt 77; 
669, P7S, 685, 686; ciniumi|iiatiQjM> 
jS 6, rSj. 189. ana; jwa, 30|p 3^4, 3S7, 
.195.599.499.45J, 444.445: i»is<firy, 1 7 t 
1 a6,33-58,39-41; 377,180,391,39s, 
396, 3PI-6, 7 J 34 : iJiduitrics, jro, 313, 
735. =49; 4^7. 554. 54=. 554, 577, sSi, 
503, s99,6aa,D04,6o3;inctaInun- 
tngandinaustrics.,iaS-3t^ 134,140, [41, 
154; 4^r, ^5, 4jS6, 490, 4^. SOT-4: 
j!™U»ctic dyes. 543H55 cKCfiical ior 
dust^, 613-15^ 614, 6 j 8, 629,836. 
GiffHTiitl!. roS; 3^. 

Gin, 6a, 68r 

GUss-fiuiti^; ttCawiing'^ 86,87, 109; 59 J, 
594; wim^ and polishlTijf ptale, 595^ 
5^; continuflus ftiWj 599; cutrin® ajid 
cngraii^ff, 9j, 109; 59?; eaily hktnry. 
84-86; moficYil, 94^ 95; [6ih.'i9t]] 
cuituricf, toS-ia (ill); 592-^. 

GUss, Usesaf: bottt^ 597, 598; miftorf^ 

no, m; optica], na, 113; 593, 

599; tabkware, 69, 86, 593; 

™dow, 95; £93, 

Gla£B, S5, 93; 5S4-7, 

Glider, 59^ 400. 

Glue, Sa, loj. 

Gl3rccrinc, 265; 547, 661. 

Goidtad ship, 199. 

Gold; cyanide pnx]^, 491^, 550; okc- 
bolyrk refincmcni, 493; luflUlioa pto, 
cc», ja5;incrciirrproc«s, iJ5;iDurccs 

of, 38. 39, it6. 339; iSl. 3^, 491; 
waihin^, 113, laj, 170; 487. 

GdU, Usa of^ cquu^ and JtUldiird of 
value, li6, 13a, 143, lai; 193; ixldin^, 
103; psld'^mlinf, toi; omamonL, lao, 
117. JJ 7 , 

Gmt^, roa, 

Granulatkiin^ lao, 137, 

Greek ci^ilixatioa (chssicai): buildii^ 
i6a"S;crdps and t^nilnux, 49, 55,6^ 
63; biatory, 13-16: language, 
218-19; mcasUFETDcnt, ijo; poDEiy, 
S7, 88, 89, X94: ciber induHlica, 89, 
136-8; roada and streets^ 167, IIh; 
cranipofT, ia4-.6. 

'Greek Art', 2^ 248,168; 515, 
Greenwich Obeemimy, 2^ 


Guiiw, 679. 

Gim-coiTOiv 547 > 54 i?- 
Gunpowder, [39, 1.^, 188, 268-70; 314, 
469, 546^ 554; -ftiiU, 270. 

Gunpowder engine, 314, 315, fioo^ 601. 
Gutta-percha, 619, 

Gypsum, 16a, 26^ 

Hammers, 4, li^, lifl, y39;sttam-, 352, 
J53T walcr-dTurn, 13^ 144, aJ3- 
Hammer-bcam trim, 176- 
Hanscadc Lea^, js, 64. 65, toi, acs. 
Harbours, ue Dwiks. 

HarpooiHcanriJon, 690, 

Hamiwi, 57, 7U 670- 
Hari'Cfting tmcJijnery, 58; 304, 308, 337, 
672, 673, 68 t. 

Heelding {QaxX 567. 

Meddle, 8a, 97. 

Helium, 399. 

Mmp, 79. 

Higdr-piessurc Eteamr-enfpna, 316, 324,. 
3 aSh 330 , 

Hittitea; Mstnry, lo-ly, u^, t20, 121, 
125; pn;>ctsnonai way, 163; tisc of 
Sibtr^ 116: wriEmp, 217, ii8- 
Hobbing-ntii^nc,. 363. 

Hodometer, 136. 

Hoc, 51, 71, J13: 671. 

Honey, 4S, 61, 267. 

Hook (Ushingh 62, 

Horse; bnxding, 202; ^7, 678; domcsii- 
tatioffl, 47,48; for riding, 195,198,207; 
-j;in or -whim, 7^ 130^ 131; 438,468; 
in bauUge, 57; 386,433,469,470; pack-, 
213; power 2nd cnSI of, 249; 333, 684; 
use with cluriDi, It, 193, 19S, 
HorsC'dianiciiS and e(];Liipmcnt; bit, 148, 
15®^. T 9 Si bnaSl-stnip, ay; collar, 17, 
71, 202; saddle, 84, 194, 195; sbMS, 
195. ,19s. a 491 stirTupK, 27, 195; 
CRCctti'en^ of, ao t, a49. 

Hosiery, 571-4 

Hnur-gUsa, 01. 

House building; jn the ancient norM, 
[57. 158, 16a, t66, 167; middie ages, 
172. 177; modem, 181, 183; 403-5* 
Miloon E;ainc\ 410, 411, 

Huguenots, 40, 44, 99, [02, 

Hunguy: early ^coiy, 26, 32, 33, 34; 
ooKhnt, 307; Exm-milling, 692; eke- 
trkal cxperhncnis, 614; pottery, 590, 
S 9 V 

HunllTi^ 4 148, T49, 1901,143; 6»q. 
Hydrochloric add, 268; 536 541 - 
Hydrogen. 397, 399, 495. 55*, 610. 
Hjrpocaust, 167, 

lee, of, 689, 698. 

Ulustiation, 237, 241; 649-5?^ 659-61* 
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Incincmor^ 428. 

India; axtcm, 79, SB* 558; earlj* 
GOTItacte wilh^ i6, II); tndr^t 266, 267; 
546; jutc^ 580; me^ cipom Its 
tea, 685; 'Hootz Ktcd, L2&, 145. 
Indigo, 89, 266. 267; 543, S4St S4*‘ 

Ink, 218, 235, 241, 242. atf 

Inknd W2tena^>‘a^ 186; 437, 44443 i 
ttt the C^lSs. 

InUjin^, 103, r2Q'» 137, 

Insiitubon of Gvil Enginecn, 404- 
InstnuncnT-fUttking, 153, 155; 344. 34^ 
480. 

ImuLcars (electricity, 59G19. 

IntigliD printing 236^ 242. 
Interchuigeable muiufiiciure, 137; 336, 

, J 44 . 355 = 3$7. sop 
InitiTul combuition engine, uoo-^; 
IMcscI engine; 604; git^ngine, 601, 
602, 603, 605i oil-c^nc, 603, 604; 
pctrol-cnginc, 6i», 601,604^, 607; jrr 
titft CuburenoT, Eketridtj, 
I/tirffdtriitn tt a Ctneraf SuttiAatti 6 t 7* 
Iodine, 554, 555. 

Iodoform, 555. 

Iridium, 6^. 

Iron; itiiakttLg of c«i iron., 140, T44, 147; 
474,475, 47fi; nuUng^wrou^t iron, 
121* 144; 47b-SQ; smetting, 121; 474; 
$ouicc3 ^si3p|>l7; I j 4, [20,121; 307; 
the Cut iron, WrDU|^t iron. 

Imn. Uses of: UmOUr, 133,134,140, [43, 
148, 15a; bridges, 450-5; buiklEinig, 
406^, 411, 413-16; dofflestk uicnjift, 
143; gas apparatus, 50^11; ornament, 
Ijt; laiiitayi. 302, 37®: rOOBng, 497; 
ahijw, 366. 3^74: 89t 90h itii 

12a; nter-’pipu, 420-3; waicr-wiiecli, 
311; wcapofu, n. [21, 131. 

Iron Ago, [zo, [57^ 

Irrigation, 6, 22, 35, 52, S3, 54, 67, 123, 
243 , i53.t 443. 44 + , 

luly: agncvlturc and food producuon, 
67h 72p 73; ^ 5. *7*. ^7^ *86; bmldlngs, 
173, 177, 179, [fio; cnmmUaUCaiioiB, 
179 , =«, i«+i 43 'J, 45 ^; 8l2*s. 

95, ioB-11; hifiioij, 3S, ag, 3a, 33, 
3S» 3*; 3*. 4*; indtElneS, 91, 

105,116, !«, 233, 

239; ^70, w6. 609; fct tlia RomiEL 

rcpubbc and empire. 

Iwiry, 7, It, j+ 28, St, 90. 127, 155. 

Jicqua^ loom, lod; 87'f- 

Japanninf^, 412. 

Jenny (spinning). 559. 561, 599. 

Joinery, [C2, 103; 411, 

Jute, 580. 

Kaolin, 405. 


Kerosene (poiaffin), 517. 

KM-wbect tjt, 9^ 

Kilns: hekit, 94; for com-djykg, 58; 
glass, 95; Sg4. 596; pottery, 77, 

584A 59 *- 
Kir«, 3 A 399 - 4 ™’ 

Knife, sti uiii^r 
Knitting, tob; 571-+ 


Lace, 571-^+ 

LacaOer,4S9i 5*6. 

I,ad^, 58, 113. 

Lake Tillages, 157, 

I^ps, 123, 364; 508, 516, 517, 

Trance, 147- 

Language, 214, 215; 71 [. 

Lathes: early USeS, 83 ^ 89,102^103; 
in dnek-mikiiig, 346, 347; in insipi- 
rnent-nukins, 155; pole-, late survival 
of, 413; laler improveniEniai, 3 Sl,^ 353 i 
359, 36®; copying-, 355: niedjllion-, 
355; scrcw-culting^ 348. 

LeidT in clecirtc mbie, dan; in poner^^ 
591; in printing, 238, 240; in suiphune 
add manufaeturCv 535; w*cr uses of, 19, 
14j, 148, [76; 498; smdting, 146;+88; 

soutcof of supply- 1*^* 1^5- *3+ 

Lead okide, tto; 5SM, 592, 612 
Leather, 3 ®, 78, 83,, 84, 100, 102, 125, 
tSa, 19+ 231; prtpararidn of, 83, 84; 
uses of, 78, too^ [02, 125, 1S2,194,231; 

*49- 

Lenses, JI2, 113, 156; 592, 593, 852, 

65+ * 5 ®» 6*a- 

Lever* 159,3^245, 

* Leyden jlr'* 609. 

Lift (ckvatiir), ^5, 418, 44O, 
U^thous^ 16. 19, 171* 172, 177; 378, 
,4“S, j82, 463, 464. 

Lightning conduclOr, 600. 

IJOW, §4, Se, 146,166,264,287,38S; 483. 

L ir n e i ight, 630. 

LincoT 8ne f^uality of early liuen. Si, 98; 
wqcxssc^ 96, [04; 587, 568, 579! “« 
for paper, 233; ice atio Flai, 

Linotjpe, 640,84]- 
LinseM-^ 236. 

Liquation proocss, 125, 140. 

Liiiwgraphy* 651, 661, 

Locks (including gunlocks), 14S, [49, [50, 

I5ip *51. T5J!350, 356-Wt. 

Lodo (naviganon), 179, 188; 438, 439, 
Locotnorives: eketrk, 835* 636; 


I 95 r *97. mv jSt^ 493 - 
Log (ihipt), 2 q6; 369. 

Lmim: automatic, 581; dandy, 564; 
dobby, 566 ;dr 2 Vr-, I 05 , 106 ; horizontal 
frame-, 97; iiCqulrd, 584. j66, 570, 

571. f?!. S^i power-, 564A 500! 
primiliTc, So, 81; ribbon-, 107. 
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Lubricauits, si5j SI7i S^U 
Luddites, 2S9, 569, 572, 57J. 

A'llchirkC'fun, ^giz. 

Machine-tools, 335, 343-63 (w* 348, 
3iO, 35J, 354, 359-62), 636, 

Madder, 544, 545, 

Magk Untern, 656, 662. 

M^cslumi compoiiinis, 4^4, 584^ 590; 

isoUted bj dcctml^-sis, 6iOr 
Msgnet, 611* fit 3, 613, 614, 

Ms^clic Coutpass, 20T, M5, 211J 369, 

376- 

Ma^tism, 60S, fiio, 628. 
\laI^66;67S, 682,684. 

Mijolka, 93, 94. 

Nubichiie, 115, 262, 

Madet, sr, 57, 98, 159, 
x^gsAcs^ 35B. 48^ 54^555- 
Manure, 675, 678, 686. 

Maps, 219, 230, 23n 34^, 4*9- 
Marble, 164, 165 166; 403. 

Marpriru:, 683, 691, 694. 
hiarxet gardens, 70J 683. 

Muqnclrj, 103. 

Masow, 32 , 33, IS9, 173, t75i 431, 432^ 
45 <^- 

Massachusetts Institute of Tetfanakis?, 
309, 696, 703. 

Matches, 351, 

Matfaenutics, rft, 43, 73, igo, 183- 592, 
Measurentent: lincif, 2I9, 2ao, 21 r; 353 + 
tunc, 312-9 (^5)', ^Ptigbt, 221, 222, 
223; ttg ahe Clocks. 

Meat production, 47i 676, 682-5, M- 
Mcehinics* Liutiiuics, 404, 704. 

Mcdkine, 16, 35, 43,159,171; aTj, 5^6^ 
5 S 7 » 710 - 

Mercury, iii, 114, 140, 371; 488, 549, 
^ 550 - ^ 

Mercury 547^ 54^ 

Mesolitbic Age, 4, 84, 157, 191, 
Mesopotamia; agriculiure, ^3, 54; build- 
ing, 15B, T59, 161, 163: industries, 79, 
85, I19, 1*2, 264, 266: 5;^' transpoTl, 
J90-3, J95: ^ Assyria, Bibybn, 

SumcrU. 

Metals n, 14 23p. a8, 114-56; 474 - 5 * 5 : 

teg alu inJiiiJual ntetgif. 

Metric system, 2/9; 385, 35+ 

Mezeotint, 241; 6^ 

MjctOSCOpC, 112, [56. 

MilEing- markFr if irjj^ 3fra 

Milh, are Com-, TJde-mills, etc. 

Millwrights^ 33 25S; 70k 
'Alincr's 3161, 31 

Mitift {e^lasiye), 505. 

Atlning: in andoiT times, 21,114,120,123 
124, 125, 244,148^ medie^aTand 16th' 
•^enttiry, 34, 39, 139, 130, 131, iji, 


T40,157; modem [of metals), 4S7,488, 
491; see also CaaJ-mining, 

Aliiioda idiiiliaaiiQii, at Cretan dvitlra^ 
tipn. 

Mirrors, III, 14T, 171, 211; 852, 
654; sUveri^, 111. 

Monasteries: inifluenijc on agricultuie^ afi, 
31, fit, 73: booLbinding, 101; cnamcC 
UTM-i, i37i fisheries, 63; mapmaJung, 
»o; chur^cs, 27, 174; cifecbi of 
□Usolution, 41, 146. 

Monotype, 641. 

Moors, rce .AnUc infiuetvoe^ 

Mordants, igg Dy^. 

Momr-dieU, 500. 

Motor-Jjscyde, 394, 395, 602. 

Moror-or, 387, 29^-bf 605* 607^ 

Moulds; for metal, ] t^, j 18, 119, 133, 
137; cannon, ijo- bnclui!, 158pottery, 
58B. 

Mowini'-maohincs, fioi, 670, 672^ 

Milk (swtming), 360,563, 564, 569, 579, 
‘Muiigo\ 573. 

Muniz's metal, 489,496. 

Mmibei, ter Fire-arms. 

Nails, iM, 136; 477,49S. 

Naphtha, 514, 515, 516, 51a. 516. 

Natron, 261, 262; 531, 

Navigatiaoji mstruments, 41, 155, 3J0t, 
20369, 376. 

Neohihic Age, 5, 6, 45,48,50,75,90, 157, 

191+ 

NeoUtbic ncvolunon, 49, ala. 

NetberUnds : agriiaibure anti food supply, 
^ 6++ ^-7*» ^67; 675 j 679 p 

f^'ory, 32-35, 4c^43, 154; afii, 295; 
industnes, 94, 145, 150, 309, 

138, I40; 583; land reclamation atva 

7 ?'^ 4 n, 179+ +43. 444+ 

465, bofi; fttodiruUa, 254-7; 

Bc^um. 

xVcis, 62, 64; 57a, 

Newcomen engine, 317, 31319, 320-2, 
325, 

Nidtri, w, mi 494+ 597 ^ 

Niitc, 208,269, 270; 53b. 

Ni^c add, los, a68; 543, 547, 548, 549, 
b^C^_ 

Nitnxdlulose, 548, 658. 

Nitrogen, 676, 6^. 

Nitro^veeri™^ 547, 548, 549. 

Nocrurubc {Nocttimil), 205. 

Norse mill, 250,251. 

Ow. 7, 196, 204, 245. 

3 ^+ 5 *- 

Obelisk, Frontbpiecc, ifio^ 180. 
Observatories, 43; 348. 

Oceanography, 369, 376. 
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Octant, ait. 

OLt'cnpncT ^ Iniemal combusckrit 
cn^Tvc, 

Oits, aninul: in Europe^ ^ Ef; mndem 
processing, &)r, 69^; while-, 6j, lOtB, 
141,508, 689^1, 

Oils, vegetablti uses in UKient world, 15, 
49. 50. 59. 7 ^ i* SMPt \<^\ 
processing of, 59. 045! tropicd, 
683, 

Oleum, 542, 544: KW fffrfl Sulphuric add- 
Ooinibus, 380, 3^, 389. 

Onagers, 

Optical mstniments, ita, 113; 592, 599. 
Ordnance Sunrejr, 439, fiaa, 

Ote ccciocnmttof], 491, 49£. 

Organ, 131, 

Ostnium, 634. 

Oailic add, 554. 

Oiygcn, J(S; 610, 63a. 

Painting. 14, 77, S7, 93, loa; 405; 
nutcruEs, 236, 303'; ut niit Casc^ 
paindngis. 

PalaeoEtlik Age, 3, 78, 83, 157* 114,115, 

245 i 364. 

Panelling, lOJU 
Panning, 125, 

Paper, 28, 35, 116, 2ia, 231-3. 234; S37, 
620, 648. 649; wallpaper, 101; water- 
mark in, 234. 

Papier mach^, 41a, 640. 647, 

Papyrus, arfl. 231. 

Paraffin, 516. 517. 518. 520. 531, 689, 
Parehment, 331. 

Patents, 38; 279-81, 304, 32a. 70a, 
Paving, 158,160,168,178; 433,4^ 435. 
Pearl-ash, 531, 53a. 

Fendulimi, 43, 125, 237, 238. 

Percussion powder, 501, 549, 

Persia; early history, 13,15, J6; Sissanian, 
3^ 37: inedic™l,g3iajchieveiiieiii3,127, 
18^ 195, 330, 335, 254, 

Pcrstui wheel', 250. 

Pestle and indttar, 58, 163. 

Petrol, 530, 513, 601- 
Pctrol^gine, set Intemil opiubusiion 
engine. 

Petrokrum, 389, 506, 514-23,601, 603- 
Pewrer, 69. JoS, 125, 141, 339, 243. 
Phonograph, 6164. 

Phosphates, 551, 553, 679. 

Phosphorus, 144, 147; 5sr, 5 sif 553 ^ 
Photography, 214; 554, 637, 651-01. 
Pick, I2J, Jaj, 159, 

P'S* 4 S* 70: ^ 

Pig-trtm, 474, 47«, 477, 479, 482. 

Piles, 137, 169, 184, iSsj 449, 4S0, 453. 
Pipelines;, 533. 

Pis/, 158. 


7iS7 

PUtoI, see Finc-anns. 

Pitch, stg, 526. 

Planing, 101; 346, 350, 353-4. 

Plastta; 158, tbL 166; 405. 

Pladnum, 541, 633, 635, 

Plough: primitive. 7. 3a, sr, 55; heaiy, 
S 71 modem, 670^1, hSaistcamr-^ 
389, «8, 684. 

Plywood, 4r3. 

Polyltckjii^^ 290, 404. 

Poji^atiijn, 5 , 33 . 4 ^ ■' 4 '^: * 77 . * 7 ^ 

Porwim,2S,93; 583, 584, 585, 589, 590, 
619. 

Fortus Rotniinus, 171. 

Postal scni-iiccs, 195, iO?; 649. 

Pwt-tniU. 254.25s, 2S7- 

Potash, 85, 94, im, 265, 269! 307, 53 ^ 

S 3 *. S 37 >S 54 . 

Ftytafisium, 619. 

Potassj Lini salts, 559,554^ Hrr alio Poiash. 

pQlabi^ 86; ^3. 

Pottery': ancknr, 14-16,19,21.6c, 

77, 78,87, SS, 90, 314, i6i; rnpoievij, 
g 1-94; early modem 69; 583-5; modern 
mdustiy', 585-92 ($87}; see alur POTC^ 
lain* 

Potter’s wfKel, 75, 76, 87, go. gr, 94; 
345 . 5 ^ 

Power, Early sources of, 243-58 (245, 
ajSJ. 

Power statiofis, 4^ 616, 617, 618, 62c; 
see also Elenridty, 

166, 169, 185; 405. 

Presses, 60, 143, 336, 24s; 350; see tiset 
Printir^. 

Pressurc-cockcr, 317, 694,696. 

Printti^, 37,214.235-42(236,238,141): 
637-48 (639, 641,644, 647,64S), 707. 

Produccr-gxs, 590, 59 

'Puddling’, 477^ ( 47 S)< 

Puticy, 113. 35*’ 

Pullnuui car, 384. 

Pumps: air-; 156; 632; chain-, 74, 129, 
208; pisfQfl, 182; pnessuir, 170; nitarv, 
356; steam-, 3 iS, 322, 327, 336; win^ 
mill, 356. 

Punches, 128, 138, 155, 238, 240; 355. 

Pyramids, 10, 159,160, 243. 

Pyrites, 149; 541, 54a, 555, 

Quadrant, 155, 20^ 2J r. 

Quarrying, 159, v6o, 163, 164,^ 1661 174 - 

Qpem, 58, 59, 

Rails, 207, 33=1 37 ®. JS*. 3 ®*. 3 S*. 

f *S. 46^. 4 * 5 - 

Raila^ys: arfy, 21a, 213; 332, 377; 
general history of, 276, 293, 295-9. 
302, 303, 305, 30B; constnicnanal 
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Railway .) 

details, Jjit-Ss. 44^ (447Ji undcr- 
ntjund, jSa, 385, 459,460^ 635, 
Railwa^^ rumcct: Baku-Batum, 519; B«r- 
447 t 448^ Hi nnin e h i m -^buces^ 
lerj. 36 p; Hampjieid JvuntKui, 381 j 
Grat Central, 4^; Grcai Western, 
379. 446 j 6231 Usxipool-Mttndvcstcr, 
ZTlFi 37 ^ 447. 4581 625: LoruJon-Bit- 
npigham, 380,411, 446, 625 j Loodanr- 
Crayddn, 3^70; LonJa^a and North 
Wttfem, 381: MidEuul, 384; Pjuig- 
Lyon&> Fatis-Rouen, 1955 Stock- 
tdn-l^hfigiDii, 379, 383; Sdrpcy Iron, 
378; Tatis-Sibcnan, 447^ 

Railway euiiona, 383^ 410, 41414. 
Reapet, la Harvesting madiiwry. 
Recbniaiian of land, ji, 71-74; 4 ]^. 
ReTHgeraEion, 6pS, 

Reindeer, 46, 190; 636 . 

Rcpcaririfr-circLc, 349. 

Sepatitii, Jio, 127. 

Rese^irs, 53, j 33 ; 411, 411, 

Rcvolvef* lee Firg-af Trrc 
R«. S5t 67. 

Rifle, Kif Fire-arms: 

Rivep, J28; 3^, 37 j, 37J. 373, 37. 
Roa^: ru>, 167, 213; 379; of early cn> 
pueg,^ 163, igji RomarL, 1^30, Jtx, 17, 
196, igB; French, 
18&, 189; 296, 429, 430' macuiunjzed, 
431-6 (43a); use of 243; 43ft, 
Rocket, 401. 

RoUerat agriniliural, 57- 670. 671: road-, 
3 ^ 4 J 6 - 

RoUing^milk: iron and semI, 144; 371,47^^ 
4B6,496, 497, sygar, 67; litiiilatc. lit: 
wire, 498. 

Roman, republic and tmmre; agriculiuir 
and food-supply, 55-61, 61; hiswry, 
13-25. 244; tndt^tnes, 82, 86, 3B. 

99, 123, 134, 115^, iji, ,6-..,^ ^ 
267: lodds and uanspott, 167-7 h 196-8: 
ttte of watCT-pawcr, 150-1. 

Roofii, 164, 167, 176, rSi; 409, 410. 

30. 78- 159, 19 tr 301 , 245, 348; 
i7|i; manufiicture of, 79; 367; fc, ^ 
wire. 

Royal Agricultural Society (British) 670 
Ro^ Agricuitunl Soctcry of Detimafi, 

Royal CoUege of Chemistry, 371; 543, 
Royal losttiution of Great Britain Tai 
610,651. ^ 

Royal Sodery of London, 43, 43, 70, 143 

iP' ilf' J”' 369, 500, 506, 

M2, 6o8, 609, 610, 613, 614, 70a. 

Rubber, 506, 513-311, 620. 

Riwsti: agriculture and food supply, 
63; 6«o, 685; dU inditsity^, 519-21; 


COfllmurncatKifis, 334> 379,3S41 43 tt, 434 * 
44L 490; hjsroiT, 14, 24, 42, 157, 224; 
17S, 387, 295, 297. 305, 306; and 
Crimean War, 366, 502, 503, 505, 580, 
Rye, 33, 50,62; 

Saik, 7, iqij 3M, 203,104,308, 254, 256; 

Sahj 46, 64, 66j 83, 93, 146, 260, 261, 
16+, 269 ; 444p 517, 531. 533. 537- 
^t-oake, 494, 533, 541, 599, 
balrpciTic:, 149; 535. 536; tee sits Niirt. 
Sand-g^, 1*6, 235, 

^tanoo, rdz; 415, 426, 427, 42S, 590. 
Saw, 38, 81, 90, 122, 166, 191. 

Saw-gin, 557. 

Sawmills, 210, 253. 

Science in relatjan to technolDfyj aerku)- 
rure, 669; canopraphy, 129-3 ^. woiiis^ 
359, 271; 531, 546; o^mining, 
471» dcctncicy, 6^ti; insmitneni- 
nuking, 153-6 j marinen* eijitipmetit, 
iio, iti; sEeam-engine, 340, 341; in 
geneiah 38, 42, 43, ijj; ^Sq, 702-4. 
ScooiKwhcel, 73, 74, 123, 124, 

Scfufrs, 60,123,244; 347,354; shipi\ 329, 
339’ 

Screft-cutiing Eiuiihinrry, 344, 345, 34S, 

^ 354. 

Scythe, 58,136, 

Sedan cnair, 212. 

Socdr^lrill, 71+7*1 671. 

Semaphore, 3^. 

Serfdom, 7. 26,108; 278, 

Sesame, Oil of, 264, 

ScruTri, 16S: 417, 436. 437. 
Scwing-maciaw:, 304, 337, 359, 360, 
574-6 (S 75 ), 649- 
Sealant, ll i; 319. 

Sbaduf, 52,8^. 

515. 5 J 6 ,Sai, 355. 

^einf, 58, 88; 5^. 

5^* 5®t 70, iw, 132; 

676-8,682. 686. 

Sheffield pkte, 4S8. ago. 

Shells (EnlDsive), 4S6,5M, 502, 5^, 549. 
^6ips, 7, 6a, 191, 191, 196-^210; 282,304, 

„ J<U -77 f 36 S 373). 

amps, Qi'pes of; bireiiie, etc., 196; hussefi, 
64, 65; taurack, 103;, 104; carvcLbuilE, 
186; din](er-bui|t, ippS; clipper, 398; 
coKi loo; East Indiainan, 208; 365; 
gllkon, 205 ;j| 3 [|cy, 197^ jm, 

“4+ ^5; Viking limg- 4 hip, t^g; Kr 
fltre W'arsjups. 

ShiM fiarfftt Maahjf, 339; Artel, 

329; Ark Kcystf 205; 
flrajijflff 330; Char/uff/d, 374; Cksl^ 
376; Ckorkite DiOidas, 328,440t 
CifTMSfrt, 3 iS; Camer, 32S, 329. 330 j 
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Emica^^ur, 365; Grmt Bniain, 330,, 
353t 371: C«dJ Eauefn, 317, 330, 

373» 373d 374t Crtat 

37a; //<jw/ C>ifrf J Dwiu 
Carraritj||, 203; 374; 

374; FywwiiJi* jjfl; P^iuapkf, 117 j 
Reiciatutri, 3^5; SortTti^ sf ihc 
208; Taepijss^ jtSi TutAiiiim, 3391J 

Vki^y, 366; Warrior^ 374. |oa, jojr 
ShipbuMn^H 41» 191,192,195^ 203, 

2^ 2og, aia^ 306-^^ 4^^ ctemtship*) 
37i>-5- 

Sboc-malcin^, 84, 85, lOo; iS8, $14, 527, 
5^ f74» 575; of rubber, 524, 517, 
Shrcdauig mschina: for paper (heu- 
tanJerJi 233; for rubber (mastkatieMj], 
515; for diodilj (dev^), 578. 

Silk; QricntsJ origins, 17, 28. 8 j, 88; 
spread to western Europe, 57^; 
-throwing, 35,100; 370; -weaving, T05; 
S^Tt 570h S7*: other processes, jjb. 


577. 

Silver; mining, t^, 34, 39, lla, UJ. 

14a, 244, 34;^; 283; catrudjon, ltd, 
123, iiS, i+j; 4 ^ -WS; in money, 13, 
U8, 143; use as Dnuntcni, Ji, 15, 120, 
« 7 t 137 - 237- 

Silver saiiH. 651, ^$ 3 ,653. 655. 

Siphon, 169, 

Skis, 191. 

Skyscraper, 415, 416. 

Sbivery, 7, 17,18, 22,26, 56, 66, 67, 122, 
123, KH, 243, 253; 303, s^8- 683, 707^ 
Shd^c, 15^ t6o, 191, 1:91; 469. 
Slitlmg-mLll, 144, 145; 478^^ 

Smwtonan Club, 404. 

Snuff, 68. 

Stup, 4 t» loSi afiOt 265; S 33 - &8j. 

Socioty far EheEncomagatrirnT of Arts utii 
Manufactures, 281, 


Soda; imdc by Leblanc pmocess, 290, 

53^ 533r 534 t 53^; Solvay (unmotua- 
soda) process, 537-40, 5^: use in 
manufacture of g^, 84, 85, 109; in 

foiling mills, 265 ; sot niso faustic ioda, 
Nitmn, 


Sodium; isolated by ckotroEysis, 610; 
manufacture of, 495,549; use in makii^ 
aluminium, 495; ^^nJide, 53c; ^i- 
chroituie, 332; -nitrate, 553; -peruiide, 
$30; -sulphate, 399; -thiosulphate, 634 
Soldering, ISO, I41, 

Soundingi (deep^soi) 369, 376. 

Spain: agrkulrore ana food produedon, 
61,63,66-68, TOj 675,67S, H2; history', 
J4, 17* 12, 23, 37. 38, 40, 128: 333: 
industries. 93, 94, 98. 99, 123, 149, 
232, 233, 244; 433, 623; mining, 123 , 
123,361; 485, 487, 492. 

Spear, 4 t ^26. 
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Spectacks, 111. 

Spermaceti, 689. 

Spirmhig madiineiy, mClliods, and ixAple,- 
rocois: iiand-opciated, 79, 80, 97, J03; 
power-opertted, 558-61 (s^- S^iK 
5 ^- S 76 > S 79 - 

■Sprtn g e: booiise, 247; rubber, 32^ 328; 
steel, 212; 331; liirlialebone, 688; usn 
of, 3JJ, 223-S, 343-^, 248; 412. 328. 

SBirwd-glass, 33,95,175; 597. 

Sramp-miU, 135,233, 253. 

Statues, 120,117, 128. 

Stedm-carmges, 331,3^ 387, iSB, 3S9. 

Steam-engines; early fiistoty aud develops 
merit, 311-37 ( 3 i 7 > 3 Ti;b 321,3*4,315). 
34^^ 4S3, 600; dusontnapon from 
Briain, 2^, 287, 290, 291, 293, 197, 
324, 326; USE in agnCultUre, 669, 673, 
674, 681, 68*; in eoal-mMni:, 4*7-^; 
in generating ekctricity, 616, 618; in 
priming, 645, 646; in poncries, 385, 
588 s in transport, 326-8S- 370-4, 379> 
3S0, 387-^; jee dfni High-pressurt 
steam-engines. Turbines^ 

Sieuite, 590, 619. 

Steel; 481,482, 483; cementa- 

tioa, t2i, t3b, 143; crucible,. 

143; 480, opm-hearth, 4S3-5 

(^5); early uses, 121, 134. 139, 147, 
313, 238; modem uses, 37^ 381,455-7, 
496, 504; output, 308, 486. 

Steel alloys, 481,486, 494, 504. 

Stetrotyping, 647. 

StiiTupB, 27, 195. 

StoCking^framc, jo6; 571, ^72, 573, 57+ 

Stock-keeping: in ancient times, 5,18, 2^ 
4^ 4^. 55; middle ages, 33: tarfy 
inodcrn, 70, 213; i£th and ]9ih cen¬ 
turies, 498, 673, 676-8, 682, 683, 685, 
666. 

Smne used in building, 1^, 139,160,162, 
164, 165. 175, 245, *48: 405, 462-4, 

Stone-crusncr„ 436, 448, 

Stonehenge, 14,157, 162, 192. 

Stucco, 164; 40|. 

Stvcko[en, 1^ 144. 

StrotitiuiTt, 610. 

Sue* canal, 301, 305, 368, 373, 465. 

Sugar, 55, 67, 68, 16a; 290, 678, 694. 

Sulphuf: sources of supply, 269; 536, 
540; Use in gunpowder, 268, 269; in 
vuk^xation, 527, 528; in insutidon, 
619; in matchics, 551; deleterious effects 
on gU£s cobnnon, 110; 598; on blast¬ 
furnace InHi, 144; an cooLdried malt, 

t46. 

Sulphuric acid; cvly methods of manu- 
ficture, 26S; 534, 535; lead-chamber 
procoi, S3S, 536; cantact pmocsfi, 
54 tj 542; use in preparation of alum, 
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Sulphuric add (roa/.) 

555; ether, 556; explosivei, 5^7, 
ponifin, 517; nhosphates and phos¬ 
phorus, 551-3, 679; soda (Leblanc pro- 
ceM)j 533. 538; for blcacfain;, 536; 
refining of petroleum, 520; ekdric 
batteries, 611, 612. 

Sumcria, 6, 10, 116, 120, 192; writing 
and measurement, 215, 220, 221. 

Sundial, 155. 

Superp^pnatc, 553, 679. 

SunreW, 42, 153, 156, x68, 184; 349, 

^365,309.459. . . 

Sweden: communicatioas, 186; 430, 443, 
523; metal industries, 41,134,143,1^; 

287,480.481.483,485, 487,49a; mod¬ 
em industrial deiixlopment, 277, 319, 
334 . 339 , 361. 478, 547 . 55 *. 59 *- 

Switzerland: chronometers, 349; roads 
and bridges, 418, 430, 452; industrial 
growth, 277,291. 481. 495 , 502 . 592 - 

Sword, 118, 121,122, 12b, 131, 136, 137, 

*39. *47. 

Syna: glass-blowing, 86; history, 12, 14, 
17, 28, 29; products, 79, 81, 82, 122, 
131,165. 

Tanker, 375. 523 - 

Tanning, 83, 84, loi, 259. 

Tantalum, 634. 

Tapestry. 42, 80, 81, lot; 581. 

Tar, Coil-, 435. 507, 508, 509, 515, 543, 

Tm^ Influence of, 285, 306, 497, 499, 

68 ^. 

Tawmg, 83. 

Taxatioo, Influence of, 24; 520, 531,533, 
537 , 554 . 559 , 570, 593, 598, 646. 648. 

Tea, \ 683. 

Teade, 96, 98, 108; 569. 

Telegnph: electric, 623-9 (624-fi); 
equipment, 376, 498, 590, 611; sub¬ 
marine cables, 626,627; visual systems, 
621.62a, 623; wireless, 628, 629. 

Telephone, 627, 628. 

Telescope, 112, 156, 211; 349, 592, 593, 
621. 

Terracotta, 88,91,162,165,167:405,418. 

Textiles, 78-81, 96-100, 104-8; 557-^2; 
%et tlw Looms, ginning Machinery, 
aai aairr namtt «/ Jihra , etc . 

Theodolite, 34^ 429. 

Thennod)'namics, Laws of, 341, 342. 

Thermometer, ie6; 694. 

Threshing, 58; 67^ 674, 681, 68a. 

Throstle (spinning) 564. 

Tide-mill, 252, 

Tiles, 165,167,176. 

Tin, 108,117,120,123,134,141,239:488. 

Tmpbte, 141; 49^ 697. 
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Tobacco, 70; 678. 

Toob, ue wUer uidividual tools, e.g. .\d2e. 
Drills, Hammers. 

Torpedo, 502, 503, 505. 

Tower-mill, 255, 257. 

Town-planning 16, 163, 181, 183, 212. 

Traction-engine, 389. 

Trade-routes, 16, 19, 29, 30, 31, 37, 41, 
154, 177, 201, 210; 282, 430, 445. 

Trade unions, 289, 704, 708. 

Tramways: ooUieiy, 469,470,473; public, 

3«3. 386. 

Treadmill, 69, 124, 133. 245, 246, 247. 

Tubes: glass, 593; metal, 498, 499, 620; 
rubber, 524. 

Tungsten, 358, 634. 

Tunneb, x68, 109, X71, x88: 438, 443, 
446, 457-^a ( 4 !^, 4 ^). 

Tuiuieb lumed: Chaniwl, 460; Hudson 
Ri>Tr, 460; Islington, 440; IJvcmool- 
Birkenhcad railway, 460; hlont Cenis, 
459 , 460, 491; St Gotthard, 459; 
Severn, 459, Simplon, 459; 

Standedge, 439; Strood, 439. 

Turbines: steam-,337,338,339,340,6x7; 
water-. 255; 337, 6x8. 

Turnip, 70, 675. 

Turnpike trusts, 43X. 

Turpentine, 515. 

Type ^ninting), 237, 239, 240; 638. 

Type-founding, X41, 238, 239, 240; 638- 

^41(659). 

Typewriter, 337, 64X-3. 

Tyres, 2xx; 389, 392, 395, 435, 528, 529. 

United States of AnKrica: agriculture, 
670, 672, 680-a; anaesthetics, 556; 
armaments, ^00-5; bridges, 45X, 452, 
455.456; buddings, 404, 405,407,410, 

J i 5-x8 ; canak, 44X-3 ; cinenuttmphy, 
S3-5; Civil War, 279, 302, ^«>, 368, 
706; copper, 493; ekcmcal mdustry, 
6x5-x8, 625-7,632,633,635,636; dec - 
trochemical prooesses, 549-5X; food 
processing, 6^-9; Ford car, 395; gas- 
ligfating, 513; gl^ 598; history, 277, 
29X-3, 2^ 316; internal combustion 
engine, 6ox, 607; machine-tools, 35a- 
63; petroleum, 5x7-23; phonograph, 
667; photography, 654, 658-60; nrmt- 
ing, 638,640-4, 646, 648,649; railwai^ 
379,301-5, 387,448; iwid-'iwn*!’. 3o7, 
389; rubber, 520^; shipping, 367-70, 
374. 377; steam-engine, 324, 326-30, 
333-0; steel, 481-6; textile 557, 558, 
563, 564, 574-^ 579-82; water-supply, 
423, 424; whaling, 689; Wrights’ aero¬ 
plane, 40X. 

Univer^ mill, 4x4, 496. 

Uranium, 591, 597. 
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V'anadiinn, 357. 

‘Vifitypcr'j 

Vituldn;, 161^ l6fi, 174, 

Velliun, loi, jtjT. 

VcqwFj 8a, 89, 103, 166. 

Vcmibdcn 123, 129; 459, 47J, 

Vjnegart 263. 

Viticulture &nd winc-nukin;, ij, 18, u, 

23.3 *. 60, 6it 145. 

vulcanizaiion, 528. 

Wagon, 71^ 201, ait, 212. 

Warships, 43, 171, 2ti&, 2^9; 366, 

..,374. 

Watcr-^closet, jcov 435, 426. 

W'a^-fhime (ArUTigh*), 559, 560, 

-,,5^4' 

Water-mills: ancient, 32, 150, 251, 252; 
m^ievaJ 32, 63, 98, 100, (78, as3i 
early modem, J29,132; 310J iSth axul 
igtii: ocnnirics, 311, 312,31&, 500. 6ot, 
Water-pipes, ifia, 170. 178, 182; 420, 
4a-F 

Wat^power, 13, lor, 13s. 140. *44. *45. 

143* 15a, 160, 178, 1S4, 133^ 270: 5(2. 
WaieiprooGng of fibric, 514, 528, 528. 
Watcr-supplj, 16, r(io, ,fc!, 170, 178^ 
a53^ 286, 418-^5 (4^9- 7^^^ 

ivcapons, jep Armicij, Firo-artm, Trance, 
Sword, etc. 

Wedge, 2J^ 24B. 

Weirs, 178-9, 

S?“53J 4i?ft 4»o. 
iSeLsbach gaa-mantic, 513. 


Westinghouse brake, 335, 

West Point Aliliiary Acadcniy, 404. 
WbaJe huntuig, 63,108; 687-91 j -oil, 63, 
J08,141; 508,689-91 i whalc^nc, 687. 
Wheat, 33, so, 58, 71; 676,6S0, 6Bz, 684, 

6 S$a 
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Wheel, 7, s6, 192,193,194,203,3J1, aj3, 
344, 245, 

Wlieclbarrow, 27, aoti. 

While lead, 263,171; 527. 

Winch, 256; 37S, 468; uf aUs Caostin, 
WindkssL 

W'jndlass, 117, 175^491, 

Windmills; introauedon to Europe, 33, 
aS3i as4; oomtmaion, 255-8; uses ol, 
73> 74, aw, 256, as7: 308, 691, 
W^,w, 95 .i 74 ; 59 i, 593 , 595 ^ 
Wjunonfmf, s8. 

Wire, 120, 122, 136. ,37, ,44, 

233, 234: 455. 019; rope or cahk, 453, 
45f 409,4^^ 

Wireless telegraphy, 620. 

Wood, 266,267: 

W'omcii, Employment of, 80, 190, 1x4; 

469, SSfl. 575. 

Woodcuo, 235; 650, 651. 

Wood-pulp, 649, 

W'ood-WQfLing. 90, 91, 157, 349; 370^ 
3S1, 3sa, 355. 

Woolten mdiisiT)': raw rratcnal, 47, 88: 
577.57a, 678,6S2; processes, 86.96-^, 
5^5. 568-70, 578-80; importance, 
37, 89, gS, loS: 422,157. 
nootr steel, 126, 145. 

W'ontcd, sSy, 578, 

Writing, 6, aij, 216,217, 323. 

Wrought iron; early history', lar, 144, 
J45; inciepc of supply, 476^; use in 
rails, 378; in building, 409, 413-15. 

396. 

Zigpffoi^ to, 158, 139, 

Einc, iiS* las, 134,142; 488-90,611,651, 
659' 

^ttverda, 280, 296^ 301. 
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Aivchcn, 175^ 

Abbi, Krrot 599, 

Abel, Sir Frwlcnck A* (iSaT-HJoaX 54®' 
Aboulctn, 367, 

Acpim, t\ C. i(i 7^59“*838)> Jio, 

Aebard, Fiinr, 678. 

Adam, Rnbm (17^8-91), 412. 

Aegina, 128. 

Afi^ 39> “SiK ^45; 491- 
Agricola, Geo^iu (Gem; Bauer) (14^- 
i5SSKM»9a, nr, TJ9;SJS. 

Albert, W. A. J. £1787-1 MX 49 &^ 
Alberti, L. B. (i4a4-72), 38, iSo, 185. 
Albright, Arthur, 55Z, 

Alexander ihc Great (356-323 b,c.), 13,16, 
tab, 2^0. 

Akiandm, 16, 86,153, 171, ^9, 271, 
Algciia, 22, SS- 

AUacc-Lomine, 290, 307, 485. 

Alure, tog^ 

Anvd5, 29, 201^ 

Ameri^ xt United Suus, Index uf 
Subjects. 

Ampere, A. M. (i775-i83bX biO, 613. 
Ansterdim, ^ 240; 279, 444. 
Aiuxagaraa (J5«>’428 BX.), 313. 
Andernaefa, 68. 

Antwerp, 40; 503. 

Appert, Fraimis £d. 1840?), 695+ 
A^lcby, J. F. (1340-1917), 63 (* 

Anbih, 174. 

Arabia, 79 p 118 . 

Archer, F. S. (i 8 i 3-S7 )k 636. 

Arehiinedcs (r. 287-212 H.CL), fe, tzj, 
170,144- 
Aressto, 19, 88, 

Argentine, 682, 699. 

Ar|i», 164 

Aruiode ( 384-122 &C.), 28 . 

Arkntight, Richard (1732-91), 282, 291, 
SSfl* .S6i. 564. S73‘ 

Armenia, Il6. 

AniKHir, P. D. (1832-1901), 696- 
Armstnmg, Sir William G, (1810-1900), 
SOd- 

Arnold, ^^sa, 563. 

Arnold, John (? 1736-^)1 349^ 
AsiiMirior, 12,25,116,121, >58,232. 

Aspdin, Joseph (I779~z835), 406, 
AspinaU, J* A. F., 385. 

AsTria, ftt Index of Subjects, 

Astbui7, John (?J 688-1743), 

Athena, taa, 164, 244. 

Augiburg, 35, 39, 154. 


Auiiin, Herbert, Baron (1866-1941), 394. 
Ausurdii, xi Index of SubjeciSi. 

Austria, jTf Index of Subject!}. 

Aieling & Poricr, 436. 

Avignon, 267. 

Baalbek, 165. 

Babopek jk Wikos, JJO. 

Babylon, ste Index pi Subjects. 

Bacon, Roger (?i 214-94). ”1* ^ 72 ^ 
Badische Aiulin-und-Soda Fahrik, S 4 Sp 
546- 

Eaeyer, Adolf von (1835-1917), 545, 
Bigncbd, 28, 93. 

Bahjmaa, 292, 411. 

Bakewcll, Roben (1725-95), 70; 676. 
Baku, 515, 519, 52a, 521. 

Baltimore, 167, 513, 626. 

Banks, Sir Joseph (1743-1820), 678. 
Barbed, 251. 

Barcebni, 37, 

Barron, Rebn, 152. 

Bask, roy. 

Bath, 165; 405, 664, 670, 

Banim, 523. 

Bauer, rre Agricola. 

Barter, G, (1804-67), 65J. 

Bayer, K. J, (1847-1904), 495, 
iHfonnc, 203. 

Baalgettt, Sir Joseph (1819-91), 426,427. 
Bedford, Francis Russell, fourth Earl ^ 
£1593-16411,74^ 

Bcdmrd, Frands Russell, Sfth Duke pi 

(i 765-1805X 677- ^ ^ ^ 

Bedson, Geor^ (1820^4), 498. 

Bchistun, 217. 

Belfast, 579. 

Bel^um, Iff Index of Subject!}. 

Bctidor, B, F. de (1693-17X1), 404, 

Bell, A. G. (1847-1922), 628. 

BeU, Pacrick £1799-1869), 672. 

Benact, Abraham, 609. 

Bcilsky, Thooias (d. iSjl). 645, 
Bcnth^ Sir Samuel (1757-1831), 351- 
Benton, j. G. (iSio-Ai), 641. 

Benz, Karl (1844-1939), 393, 605. 
Bergen, 65. 

Boiraann, T, O. (1735-84), 480, 

Berpn, 296, 481, 513. 

Berliner, Emlk £1851-1929), 667. 

Ikroay, 174. 

Bernini, Lorenzo (1598-1680), 180. 
Benholkt, C, L, (17^1823), 537, 
i Bcfthoud, Fcrdlnxiid (1727-1807), 349. 
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Berwick, iSj, 4^. 

Bfsxmcr, Hcwj' (1S13-9S), 175, 452 ,. 59g, 

Bet^tszoon, William, 64. 

Beuih., C P» W+ (17S1-1353), 197. 
Bick&rd, WlEwn, 347. 


Bjscbw^ E, B, (i 3 14-^9), 5S0. 
BinneuccJo, Vafiocoo (14^-1 


539 ?). ' 4 *. 


142. 

Birkenhead, 370, 3;S6. 

Biimingham, 43; *98, 3+4, 4S4, 4^, 535, 

, G. H. ([311-64X 517* 

BlacL Joseph (173*^), 34*3. 70j, 
Blackburn, 360. 

Blacuw, W. L (jS7I-i63S>, zji. 
BUndiard, lltbliias (178^1864), 355, 
397 - 

Bbnqiivt-E>TjirJ, L. D., 655. 

Bt^rioT, Lomu (t£7a-J93l]i), 401, 40^ 
Bodmer, J, G+ (1786-1^), 5163. 
Bo^dus, James (iSoo-74), +ff7, 
Bcr^azkoj, ia, 1^3. 

BohemU, 12, 34, 110, 129; 397, 487. 
BmlsovcTi, Fhornas, 4^, 

Ballon, 421, 560. 

Dontciii[U, Gcor^ (1799-1884), 593, 



Borneo, 490. 

Bofiion, Mass., 513,575. 

Boi^r, J, F, (1681-1719), 584- 
Bbttipcr, Paul, 546. 

Boucucr, Pierre (1698-1758), 371. 

BuuUe (Buhl), C. A. (164^-1731), 103, 
Boulogne, 171. 

Bnukon, Miiehcw (1718-1809}, 287, Jn, 
343. 35*. 477. ^ 

Boullon dc Wart, 183,184, 322,364, 387, 
4^5. 475 . 4^7, 509, 310, 588, 595. 

Boui^neuf, Bay of, 64. 

Bourn, Daniel, 105; 559, 569. 

Bowring, Sir John (1791-1872), 196, 297. 
Boyle, Robot (16127^1), 353, 27a; 551, 
Bradford, YorUr, 387, 423. 
Bradferd^n-Avon, 516. 

Brtdlcy* 3 S^ 

Bndshlw, Geqqce (i8qi^3), 3S0, 

Bnhc, Tycho (15.16 1601), 134, 

Brinuh, Joseph (1743-1814X 153; 350, 
351 , 415. 4 ^ 6 . 499. 

Brernontc, DutkitO' il'Agjnolo (1444-1514)1, 
180. 

Brand, HcnnJg, 551. 

Braodenburg, 32, 186, 187, 

Brandt, Georg (i 69 t-^ 7 w), 490. 

Brasscy, Thoina* (rSb5-7oX 295. 
Rranon, Gr, 604. 

Breiil, 67; 2S3, 2S9, 513, 5i£, 


Breslau, 287. 

BrUix, 1S7. 

Bridgnorth, 535. 

Brighton, 617. 

Brindley, James {17(6-72), 436, 585. 
Bristol, 142J 432, 54r. 

Qnxkhaus of Leipzig, 638. 

Brown, Sir Samuei {i77o-'iG5i), 367,452. 
Brown A; Sihirpc Ownpuiy, 36ar 
Eh^uges, 35, 187; 444, 

Brunei, I. K. (1806-59), 2 * 8 . 372 . 379. 

41C, +46, 447> +52-5. 45*- 
Brunei, Sir Mark L {i 769 -i 849 h 406, 


Brunelleschi, Filippo (1377-1446), 179. 
Bnuuier, John (18^-1919), 540. 
Bncvsels, 187. 

Budapest,510. 

Budding, Edwin, 671, 

Buddie, john (1773-1843). 47 *. 472 . 473. 
Bunsen, IL W, (l8iJ^), 

Burdon, Rowlarid, 451. 

Biirgin, EnuL, 614. 

Burr, T„ 499, 

Burskm, ^86. 

Buder^ Edwurd, 394. 

B}'bkn, 118. 


Caen, 174. 

CairOf 98* 

Califonua, 293. 

Galley* John, 318, 

Csnibrid|!e* i», 171. 

Camlochic* 539. 

GimincU L^* 370, 

Ginipagna, 33, 56- 
Canada, jw JndcH of Subjects. 

Cannslari, 394. 

Onlnn, John (17 tI-72), 609, 

Capua, J3|^ 

Carinthia* m, 134* 136, 

Camegie* Andrew (1835-1919X 4*4. 4*5, 
7 “ 3 ‘ 

Cini«*N. L, Sadi (1796-1832), 31a, 
CwD, Heinridi (1834-1910), 544, 545, 
546, 

Carrara, t65r 

Cinhagr;, 15, 17,63, 117, 171, 219, J46, 
Cartwright, Edmund (1743-1833). tSa, 
3 ^ 7 .. 564. 565. 5 ^*^ 

Ciiisuu de Thury, C, F, de (1714^34), 
231. 

Cankford, 598, 

Cas^, H Y. (1858-99), 495, 549, 550. 
ai 4 ry, Sir Ge^ ( 1773 - 1 S57X JW, +*!■ 
Certs, (5, 17, 60, 61* 435, 127, 198, 2ii, 
Ceylon, ijql 683- 
Chafee* E. M., 526, 

Chalwi*™r-StoiK, 653. 

‘Ghalybcs', 121, 
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Chajnpijfrvc, 29, 3$, 

Chucc, Akxanikr (1^44-1917)^ 540. 
Chincc Brodun, S91» S9+t 5^ 595’ 
Ounuce, Octave 4001. 

ChapmaiiT Willum, 394r 
Chappc^ Ckudc (i7*3-i8o5)« sSOt Sai, 
622, 

Char leroi. 444. 

Charles, j. A. C {1746-1B13X 397- 
Qiarkin^urs. ^97, 3o3. 

Chxsscpot, A* A. (1833-1905)5 50T. 
ChilcUcrault, 455, 

Charhajm 352, 

Chaotncs, Due (1714-69), 34R 
Chemnia, 139. 

Chepstow, 453, 433. 

Cherbourg, 406, 4b^, 

Chcvcitun, Baijunm (1794-1876), 355, 
Chici$Of 410, 416,673, 

Chjic, 491> 536. 553, 555, *79’ 

China, tfs Indet m Subiccti. 
Chippendale, Thenus (pi7]3-79), 411. 
Qiubb, Jererniafa, 133. 

Chubb & Son, 35B. 

^nnv, \V, R. {1776-1850), 47^- 
diusiua, It J. £. 342, 

Causthal, 498. 

Qegg, Samuel, ihe elder (1781-1861), 
5 <> 9 , 5 ”- 

Clcmenr, Joseph (1779-1844), 353. 
CUment, N. (i770-ieja), 536. 
dements, WUliarn, lai 
dcpiunc, L O. (1843-1910), 64iOr 
Qcii, Sir Du^d (1854-1932), 6w. 
Ckrk Maxwell, J. (1831-79! 619, 663. 
Clytncr, George (1754-1834), 643. 

Cdode & Seely, 405. 

CoalbiDolcdile, I47; 334, 378, 450, 477. 
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